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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 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 β (PDGFRβ), and CD13 expression. Moreover, in cultured pericytes, the process is inhibited by MCC950, the antagonist of NLRP3 and Il-1β 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 (Kiliç 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 1 h after the beginning of reperfusion process starting 2 h 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 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 et al.).

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 (R+A+ mice), display characteristics of preeclampsia and have now been validated to investigate cognitive alterations in post-partum females and their pups (Trigiani et al.).

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.

Keywords: stroke, cerebrovascular, neurovascular unit, vascular remodeling, angiogenesis, blood–brain barrier


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 (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 E2 (PGE2) (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.
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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.


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; Nahirney 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 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 (O2) and carbon dioxide (CO2), 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. TJ 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 TJ 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 TJ 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 ROCK2 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 CBF, 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 (Rock2+/–) 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 α-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 α-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 Na+, Cl–, 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 (Serpine1 and Serping1), Adams and Adamts families (Adam12, Adam19, Adamts4, and Adamts8), collagens (Col1a1, Col1a2, Col3a1, Col5a1, Col5a2, and Col12a1), centromere proteins (Cenpe and Cenpf), Igf-binding proteins (Igfbp4 and Igfbp5), kinesins (Kif11, Kif15, and Kif20b), lysyl oxidases (lox, Loxl2, and Lox3), sulfatases (Sulf1 and Sulf2), thrombospondins (Thbs1 and Thbs2), and pleckstrin domain-containing genes (Plekho1 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 CBF, 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; Iadecola, 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 RhoA’s 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 Ca2+ concentration. Gap junctional transfer of Ca2+ (or Ca2+ 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 Ca2+ 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 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 TJ 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-β and Ang1/Tie2 signaling pathways are triggered by ischemic stroke, enhancing pericyte survival as well expression of TJ proteins in ECs, as reviewed elsewhere (ElAli 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 (α-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 Ca2+ 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 CBF, 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 PDGF-β, 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 vivo, pericyte constriction/injury following ischemia-reperfusion was attributed to increased oxidative stress (Shojaee 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 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 CA1 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 Ca2+ concentration spreading to the astrocytic endfeet (Zonta et al., 2003). These increases in Ca2+ 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, 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, Ca2+-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 M1-like phenotype resulting in production of pro-inflammatory cytokines such as [interleukin (IL)-1β, IL-6, IL-12, IL-23, tumor necrosis factor alpha (TNF-α)], 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 (TGFβ), and glucocorticoids (Zhang et al., 2017). Several factors have been implicated in inducing microglial polarization including, nuclear factor-κB (NF-κB), 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 the context of Alzheimer’s disease and CNS infection, however, there is increasing evidence for their role in the regulation of CBF, 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 β1-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-β 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 γ1 chain, an essential subunit of most laminins (Durbeej, 2010). Lack of astrocyte-derived laminin γ1 resulted in impaired VSMC differentiation and decreased levels of contractile proteins in VSMCs around small arteries and arterioles (diameter 8–20 μm), 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 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) (Mechtouff 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.


TABLE 1. Major features (non-exhaustive list) of structural and functional remodeling of the neurovascular unit following stroke.
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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’s, 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-1β as well as either a HIF-1α or HIF-2α subunit. HIF-1α and -2α subunits are rapidly degraded in normoxia, which is initiated by the hydroxylation of two conserved prolyl residues in the HIF-α subunits (Tomita et al., 2003). When cellular oxygen concentration is reduced, HIF-1α and -2α 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).



Angiogenesis After Ischemic Stroke

Similar to the developing brain, low O2 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, 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/VEGFR 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 et al., 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 ADAMTS13 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 ADAMTS13 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 (HMGB1), a member of the damage-associated-molecular-pattern (DAMP) family of proteins. Inhibition of HMGB1 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 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 CBF 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. 17β-estradiol (E2) is the most abundant and potent estrogen in mammals. Binding of E2 to its receptor ERα 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 ERα activation via: (1) typical ERα signaling with nuclear translocation of intracellular receptors, leading to increased eNOS gene (Nos3) expression, or (2) the lesser-studied stimulation of membrane-bound ERα 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 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 beneficial 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 recommended 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 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 HCAR1 in the brain (Morland et al., 2017). However, other mechanisms including growth factors or eNOS-dependent pathways have been reported (Geiseler and Morland, 2018).

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 β (PDGFRβ)-positive pericytes and collagen type IV immunoreactive vasculature in the brain. In Western blot analysis, PDGFRβ 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 PDGFRβ and CD13 in cultured pericytes. On the contrary, treatments with IL-1β, the major product of NLRP3-contained inflammasome, increased protein levels of PDGFRβ, and CD13 in cultured cells. The alteration of PDGFRβ and CD13 protein levels were correlated with the phosphorylation of AKT. Inhibition of AKT reduced both protein markers and abolished the effect of IL-1β 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 β (PDGFRβ) and CD13. The binding of PDGFRβ 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 factor, basic fibroblast growth factor, and transforming growth factor (Rangel et al., 2007). Deficiency of PDGFRβ 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 β peptide (Aβ) 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-Muñoz et al., 2014; Leaf et al., 2017; Nyúl-Tóth et al., 2017). Cultured brain pericytes release cytokines and chemokines after being challenged with lipopolysaccharide (LPS), tumor necrosis factor (TNF)-α or E. coli infection (Kovac et al., 2011; Guijarro-Muñoz et al., 2014; Nyúl-Tóth et al., 2017). Cultured pericytes secret active interleukin (IL)-1β when they are intracellularly stimulated with LPS, although how NLRP3-contained inflammasome is activated remains unclear (Nyúl-Tóth 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 Aβ 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 Aβ 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-1β, 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 g 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 μm-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-μm-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 μm of an interval between neighboring layers were used. Antigen retrieval was performed by heating sections in 10 μM citrate buffer (pH = 6). After blocking with 5% goat serum in PBS/0.3% Triton X-100, brain sections were incubated with rabbit anti-PDGFRβ 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 AxioImager.Z2 microscope (Carl Zeiss Microscopy GmbH, Göttingen, Germany) equipped with a Stereo Investigator system (MBF Bioscience, Williston, VT, USA). Ten regions per section were randomly chosen under a 40× objective. Blood vessels with <6 μm of diameter were examined. Fluorescence-labeled areas were measured with ImageJ software1. The coverage of pericytes was calculated as a ratio of PDGFRβ/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-PDGFRβ monoclonal antibody and Alexa488-conjugated goat anti-rabbit IgG as described above. Stack images were acquired with a Zeiss AxioImager.Z2 microscope under a 63× oil objective with an interval of 0.2 μm 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-μm-thick sagittal sections were serially cut. Four serial sections per mouse with 400 μm 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 NaCl, 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 PDGFRβ and CD13/APN (clone: 28E1 and D6V1W, respectively; Cell Signaling Technology Europe) were used. In the same sample, β-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 ImageJ software. For each sample, the protein level was calculated as a ratio of target protein/β-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% CO2/95% 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 × 104 cells on 96-well plate/100 μl (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-1β (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 × 105 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). α-tubulin and β-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.



Treatments of Pericytes for Detection of PDGFRβ and CD13 and Phosphorylated Kinases

Pericytes were cultured in a 12-well plate at 5.0 × 105 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-1β (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 μM. To investigate whether AKT mediates the effect of IL-1β, pericytes were pre-treated with 1 μM AKT inhibitor VIII for 1 h and then incubated with IL-1β 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 PDGFRβ, CD13/APN, phosphorylated AKT (Ser473), phosphorylated ERK1/2 (Thr202/Tyr204), phosphorylated NFκB p65 (S536), NFκB p65, β-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-3β (Ser9; Catalog: #9272 and Catalog: #9336, respectively; Cell Signaling Technology Europe) and mouse monoclonal antibodies against ERK1/2 and GSK-3β (clone: L34F12 and 3D10, respectively; Cell Signaling Technology Europe) and α-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 PDGFRβ 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 PDGFRβ-specific antibodies (Figure 1A), which suggests that pericytes express NLRP3. Then, we estimated the coverage of PDGFRβ-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 PDGFRβ-immune reactive cells in microvessels with < 6 μm 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, PDGFRβ, and CD13. We observed that the deletion of NLRP3 significantly reduced PDGFRβ 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.
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FIGURE 1. NLRP3 deficiency reduces pericyte cell coverage and decreases protein levels of PDGFRβ and CD13 in the brain. (A) Nine-month-old mouse brains were co-stained for NLRP3 and PDGFRβ. PDGFRβ-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 PDGFRβ (with anti-PDGFRβ antibodies, in green) and endothelial cells (with isolectin B4, in red). (C) The coverage of PDGFRβ-positive pericytes was calculated as a ratio of PDGFRβ/isolectin B4-positive area. One-way ANOVA followed by Tukey post hoc test, n = 4 per group. (D–G) Nine-month-old NLRP3, and 6-month-old MyD88 littermate mice with homozygous (−/−) and heterozygous (+/−) knockout, and wild-type (+/+) of nlrp3 and myd88 genes, respectively, were analyzed for protein levels of PDGFRβ and CD13 in isolated cerebral blood vessels. One-way ANOVA followed by Bonferroni post hoc test, n = 10, 10 and 8 for NLRP3 (+/+, +/− and −/−) mice in PDGFRβ detection and n = 9, 9 and 7 for NLRP3 (+/+, +/− and −/−) mice in CD13 detection; n = 8, 10 and 6 for MyD88 (+/+, +/− and −/−) mice in the detection of both PDGFRβ and CD13. *p < 0.05 and **p < 0.01.



In further experiments, we asked whether innate immune signaling serves a common effect on pericyte survival in the brain. We detected PDGFRβ and CD13 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-1β (O’Neill and Bowie, 2007). We observed that protein levels of CD13 and PDGFRβ were significantly lower in MyD88-deficient mice than in MyD88-wildtype controls (Figures 1F,G; 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).
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FIGURE 2. NLRP3 deficiency reduces vasculature in the brain. (A) The brains of 9-month-old littermate mice with homozygous (−/−), heterozygous (+/−), and wild-type (+/+) of nlrp3 gene were stained for collagen type IV (Col IV). The blood vessels in the hippocampus were thresholded and skeletonized. The skeleton representation of vasculature is shown in red and branching points of blood vessels are in blue. (B,C) The total length and branching points of blood vessels were calculated and adjusted by area of analysis. One-way ANOVA followed by Bonferroni post hoc test, n = 8, 8, and 6 for NLRP3 (+/+, +/− and −/−) mice, respectively. **p < 0.01. (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.





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-1β into active IL-1β (Gross et al., 2011). However, we were not able to show that NLRP3 inhibition reduced IL-1β secretion as the IL-1β release from non-activated pericytes was undetectable (data are not shown).
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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-1β 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-1β on cell proliferation, n = 3 per group.



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 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 decreased protein levels of both PCNA (Figures 3E,F; one-way ANOVA, p < 0.05; n = 3 per group) and Ki-67 (Figures 3G,H; one-way ANOVA, p < 0.05; n = 4 per group), which are two typical protein markers for cell proliferation. Thus, inhibition of NLRP3 suppresses the proliferation of pericytes.

In additional experiments, we treated cultured pericytes with recombinant IL-1β cytokine. IL-1β 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 PDGFRβ and CD13 in Cultured Pericytes

PDGFRβ 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 PDGFRβ 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-κB 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-κB in pericytes was not significantly altered by treatments with MCC950 (Figures 4G,H; one-way ANOVA, p = 0.094; n = 3 per group).
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FIGURE 4. NLRP3 inhibition attenuates protein expression of PDGFRβ and CD13 and inhibits phosphorylation of AKT and ERK in cultured pericytes. Pericytes were cultured and treated with MCC950 at 0, 25, 50, and 100 nM for 24 h. (A,D,G) Western blot was used to detect PDGFRβ and CD13, as well as phosphorylated and total protein levels of AKT, ERK, and NFκB p65. (B,C,E,F) Inhibition of NLRP3 reduces protein levels of PDGFRβ and CD13 and inhibits phosphorylation of AKT and ERK with a dose-dependent pattern. one-way ANOVA followed by Tukey post hoc test, n = 4 per group. *p < 0.05, **p < 0.01 and ***p < 0.001. (H) Phosphorylation of NFκB p65 is not significantly changed by inhibition of NLRP3. One-way ANOVA, n = 3 per group.





IL-1β Increases the Expression of PDGFRβ and CD13 in Cultured Pericytes

Although IL-1β did not increase pericyte proliferation (Figure 3I), we hypothesized that IL-1β might affect the differentiation of pericytes. We treated cultured pericytes with IL-1β at different concentrations. IL-1β did increase the protein expression of PDGFRβ 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-1β activation, we observed that IL-1β treatments significantly increased phosphorylation of AKT but not of ERK (Figures 5D–F; one-way ANOVA, p < 0.05; n = 3 per group).
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FIGURE 5. IL-1β increases protein expression of PDGFRβ and CD13 in cultured pericytes. Pericytes were cultured and treated with recombinant human IL-1β at 0, 5, 10, and 50 ng/ml for 24 h. (A,D) Western blot was used to detect PDGFRβ and CD13, as well as phosphorylated and total protein levels of AKT and ERK. (B,C,E,F) Stimulation of IL-1β increases protein levels of PDGFRβ and CD13, and activates phosphorylation of AKT, but not ERK, in a dose-dependent manner. One-way ANOVA followed by Tukey post hoc test, n = 3 per group. *p < 0.05 and **p < 0.01.





Inhibition of AKT Suppresses Expression of PDGFRβ and CD13 in Cultured Pericytes

As activation of AKT in pericytes was suppressed by NLRP3 inhibition but enhanced upon IL-1β 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 μM. Phosphorylation of AKT and phosphorylation of GSK3β, 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 PDGFRβ and CD13 was significantly down-regulated in a dose-dependent manner (Figures 6D–F; one-way ANOVA, p < 0.05; n = 3 per group).
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FIGURE 6. Inhibition of AKT signaling pathway suppresses protein expression of PDGFRβ and CD13 and abolishes the effect of IL-1β in cultured pericytes. Pericytes were cultured and treated with AKT inhibitor at 0, 0.5, 1, and 5 μM for 24 h. (A–C) Western blot was used to detect phosphorylated and total AKT, and GSK3β, which shows that phosphorylation of both AKT and GSK3β 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 PDGFRβ and CD13 with a quantitative Western blot. The inhibition of AKT decreases protein levels of PDGFRβ 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 μM AKT inhibitor and then incubated with IL-1β at 0, 5, 10, and 50 ng/ml, in the presence of AKT inhibitor for 24 h. AKT inhibition abolished the effect of IL-1β on the up-regulation of PDGFRβ and CD13 expression. one-way ANOVA followed by Tukey post hoc test, n = 3 per group. **p < 0.01.



In the following experiments, we treated cultured pericytes with IL-1β at different concentrations in the presence and absence of 1 μM AKT inhibitor. Without co-treatment of AKT inhibitor, IL-1β activation did increase the expression of PDGFRβ 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-1β on the up-regulation of PDGFRβ 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 PDGFRβ and CD13 in cerebral blood vessels. PDGFRβ 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). PDGFRβ 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 CD13 and PDGFRβ 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 PDGFRβ-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-1β (Gross et al., 2011). MyD88 mediates inflammatory activation after the challenges of TLRs ligands and IL-1β (O’Neill and Bowie, 2007). We observed that deficiency of either NLRP3 or MyD88 decreases protein levels of PDGFRβ and CD13 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-1β from pericytes in the brain. In cultured pericytes, we did observe that caspase-1 is activated and inhibition of NLRP3 attenuates phosphorylation of multiple inflammation-related kinases, such as AKT and ERK, and perhaps also NFκB (p = 0.094), which is correlated with decreased cell proliferation and PDGFRβ and CD13 expression. Moreover, treatments with IL-1β increase PDGFRβ and CD13 expression in our cultured pericytes. It is consistent with a report that TNF-α 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-1β treatments did not increase pericyte proliferation, which suggests that the regulation of pericyte proliferation by NLRP3 might not depend on IL-1β production. During early wound healing, NLRP3 facilitates angiogenesis; and the production of IL-1β 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 inflammasome 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-1β activation. Inhibition of AKT directly down-regulates the expression of PDGFRβ and CD13 and also abolishes the effect of IL-1β to elevate the protein levels of PDGFRβ and CD13 in pericytes. Thus, AKT activation might mediate the protective effects of NLRP3 in pericytes. As PDGFRβ activation induces phosphorylation of AKT (Lehti et al., 2005), PDGFRβ 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 mTBI. However, the vascular link between BBB impairment caused by mTBI 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.
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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 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 et al., 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).
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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 Aβ, tau, and α-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.




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 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.
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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.



TABLE 1. An update on mTBI studies in murine models in recent 10 years.
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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 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, 14C-sucrose and 99mTc-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.
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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 promotes misfolded protein accumulation.


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 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 99mTc-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 Ktrans 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 in human patients, cerebrovascular dysfunction was detected in a repeated mTBI 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 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 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 et al., 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 (Iadecola, 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 β-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 and microvascular impairment are important pathological mechanisms for cognitive impairment after mTBI. Restoring vascular functions might be beneficial for patients with mTBI and reduce the risk of developing cognitive impairments post-insult.
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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 β-amyloid (Aβ) 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 Aβ deposition. Though accumulation of neuron-derived Aβ peptides is considered the primary influence driving AD and CAA pathogenesis, recent studies highlighted the importance of the physiological role of the β-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.
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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, ZO-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 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 β-amyloid (Aβ) 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 Aβ deposits on the walls of cerebrovasculature. CAA is a common comorbidity of patients with AD. Though accumulation of neuron-derived Aβ 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 Aβ 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 Aβ 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 Aβ 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 Aβ, 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 Aβ are necessary for normal vascular homeostasis. Furthermore, several studies showed the importance of Aβ 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 Aβ 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-α) generated by α-secretase (ADAM10) cleavage and the p3 peptide through cleavage of α-secretase and the γ-secretase complex (composed of four subunits: presenilins, nicastrin, Aph-1, and Pen-2). By contrast, in the amyloidogenic processing, β-secretase (BACE1) cleavage releases soluble amyloid precursor protein cleaved by β-secretase (sAPP-β; another soluble form with different structure and physiological properties), and subsequent cleavage of BACE1 and γ-secretase generates different Aβ isoforms of various lengths. Moreover, γ-secretase cleavage in the APP transmembrane region yields the biologically active APP intracellular domain (AICD) in both the proteolytic pathways. The main species of Aβ peptides involved in CAA and AD are Aβ1-40 and Aβ1-42. The Aβ1-42 peptides are the predominant form in AD neuronal plaques, whereas deposition of Aβ1-40 peptides on the cerebral vasculature contributes to the onset of CAA (Stakos et al., 2020). While the neuronal origin of Aβ deposits observed in AD and CAA is well established, evidences show that activated endothelial cells and platelets are also able to release Aβ1-40 peptides (Kitazume et al., 2012; Canobbio et al., 2015). Under normal physiological conditions, APP is predominantly processed through the non-amyloidogenic pathway, and the Aβ peptide is constitutively generated at relatively low levels. In addition, several mechanisms of Aβ clearance involving the cerebrovasculature contribute to maintain the concentrations of these peptides to physiological levels in the brain. Some of these mechanisms include Aβ degradation by proteolytic enzymes, phagocytosis by macrophages, intramural periarterial drainage, and receptor mediated Aβ 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 Aβ 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 Aβ 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 Aβ clearance and that the altered distribution and increased levels of HSPGs in AD brains might contribute to Aβ 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-α has a role in the auto regulation of APP processing. One of the proposed mechanisms is that the sAPP-α modulates BACE1 activity promoting the non-amyloidogenic process of APP, thus decreasing Aβ 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 sAPPα 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 BACE1 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 Aβ 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 Aβ 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.
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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 sAPPα and p3 fragments, while the amyloidogenic processing releases sAPPβ and β-amyloid (Aβ) peptides. Both pathways release APP intracellular domain (AICD) fragments into the intracellular space that then translocate to the nuclei and regulate cellular transcription. [sAPPα, soluble amyloid precursor protein; p3, APP non-amyloidogenic extracellular fragment; C83 (βCTF), APP C-terminal fragment beta; AICD, APP intracellular domain; sAPPβ, soluble amyloid precursor protein cleaved by β-secretase; Aβ, beta-amyloid peptide; C89 (αCTF), APP C-terminal fragment alpha].




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 Aβ peptides supporting the hypothesis that these peptides have an essential role in angiogenesis during embryonic development (Luna et al., 2013). Indeed, blocking Aβ production by inhibition of BACE1 or γ-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 Aβ (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 Aβ 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 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 et al., 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 Aβ peptide appears to be involved in protecting the body from 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-α 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.

[image: Figure 2]

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); sAPPα has been shown to be neuroprotective and to have neuronal trophic properties (Habib et al., 2017); sAPPβ 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 Aβ 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).



APP and Angiogenesis

Many studies have clearly shown the detrimental role of Aβ 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. Aβ 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 Aβ variants impair angiogenesis, while low nanomolar concentrations of either Aβ1-40 or Aβ1-42 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 Aβ 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 Aβ-induced aberrant angiogenesis may be the basis for BBB disruption in AD (Biron et al., 2011). Aβ 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 with APP processing (Burger et al., 2009), in vitro studies revealed that high concentrations of Aβ 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-α ectodomain, sAPP-α, has been proposed to modulate angiogenesis by binding to the FGF-2 receptor (FGFR-1). In particular, sAPP-α may counterbalance Aβ anti-angiogenic effect by competing with Aβ and FGF-2 for binding to FGFR-1 (Reinhard et al., 2013). More studies are needed to unravel the dichotomy of Aβ 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 Dab1) 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 γ-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 β (GSK3β) gene expression (Cao and Sudhof, 2001; Deyts et al., 2016). APP activates or inhibits GSK3β depending on its subcellular localization: The signaling associated with AICD transcription promotes GSK3β activation, while retaining AICD at the membrane favors inhibition of GSK3β signaling (Chang et al., 2006; Deyts et al., 2012). Dysregulation of GSK3β 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 γ-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 Aβ). 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 Aβ 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.
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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). Wnts are secreted glycoproteins that activate intracellular signals upon binding to cell-specific transmembrane receptors (Hermann and ElAli, 2012). Wnt proteins activate different pathways that comprise the canonical pathway, which depends upon β-catenin-mediated gene regulation, and the non-canonical pathway that includes the planar cell polarity (PCP) and calcium (Ca2+) pathways, which are both β-catenin-independent (Croce and McClay, 2008). The canonical Wnt pathway is mediated essentially by the action of Wnt1, 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 Wnt11 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 ElAli, 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 ElAli, 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 ElAli, 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 ElAli, 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 β-catenin destruction complex, which comprises the adenomatous polyposis coli (APC), Axin, casein kinase-1α (CK1α), and glycogen synthase kinase3-β (GSK3β) (Croce and McClay, 2008). LRP5/6 phosphorylation by CK1α induces inhibition of the destruction complex (Croce and McClay, 2008). In the presence of Wnt ligands, the serine kinase activity of GSK3β is inhibited, resulting in the disassembly of the destruction complex, leading to the stabilization and accumulation of β-catenin in the cytosol and subsequent translocation into the nucleus (Hermann and ElAli, 2012). In the nucleus, β-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 β-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. et al., 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 β-propeller (E1–E4) (MacDonald and He, 2012). Some Wnt ligands such as Wnt1, Wnt2, Wnt2b, Wnt6, Wnt8a, Wnt9a and Wnt9b interact with E1, 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 β-propeller domains of LRP5 and LRP6, thus inhibiting Wnt1, 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 β-propeller of LRP5 and LRP6 to inhibit the biological activity of Wnt1 (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/Ca2+ pathways, which are β-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 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 “JNK/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 (Dvl/EGg laying defective, EGL-10/Pleckstrin) domains, as well as the Dvl-associated activator of morphogenesis-1 (DAAM1) (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 DAAM1, 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/Ca2+ 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 Ca2+ from intracellular stores (Marchetti and Pluchino, 2013). The increased Ca2+ concentration subsequently activates various Ca2+-dependent effectors, namely protein kinase C (PKC), Ca2+-calmodulin-dependent protein kinase II (CaMKII), and the Ca2+-calmodulin-sensitive protein phosphatase calcineurin (Marchetti and Pluchino, 2013; Ng et al., 2019). Several downstream components of the Wnt/Ca2+ 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/Ca2+ 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, β-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 (dnLEF1) 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 GSK3β 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 dnWnt1 (Lie et al., 2005) reduced the level of adult hippocampal neurogenesis, and impaired the cognitive functions of mice. Importantly, the retroviral injection of Dkk1 into the SVZ reduced the proliferation of mammalian achaete-scute homolog-1 (MASH1)+ NPCs (Adachi et al., 2007). Furthermore, in Nestin-Dkk1 mice in which Dkk1 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 GSK3β, 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-Dvl1 deficient 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 (Farías et al., 2009). In cultured hippocampal neurons, the tyrosine-protein kinase transmembrane receptors, receptor tyrosine kinase-like orphan receptor-1/2 (Ror1/2), 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 Fzd1 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, GSK3β overexpression has been shown to alter dendritic branching and reducing the number of functional synapses of granule cells in DG (Llorens-Martín et al., 2013). In contrast, GSK3β 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 α-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 (Farías et al., 2009).



Implication in Angiogenesis

The Wnt pathway has been shown to play an important role in angiogenesis. Indeed, cadherin-5 (Cdh5)(PAC)-CreERT2;Ctnnb1floxed, or Ctnnb1iΔEC transgenic mice, in which β-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 β-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 Fzd7iECKO mice, which are deficient in Fzd7 in endothelial cells, a reduced level of the activated form of β-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 (Hübner et al., 2018). However, at later stages S1PR signaling regulated BBB maturation and VE-cadherin stabilization (Hübner et al., 2018). Interesting, the E3 ubiquitin ligase PDZ domain–containing ring finger 3 (Pdzrn3), which regulates Dvl3 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 β-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, Wnt5a 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 (Hübner 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 β-catenin in human cerebral microvascular endothelial cells (hCMEC/D3) was capable of binding directly to the promoter region of the multidrug resistance protein-1 (MDR1; i.e., ATP-binding cassette sub-family B member-1, ABCB1) gene, a marker of BBB functionality (Pinzón-Daza et al., 2014). In Ctnnb1iΔEC 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, 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 (Pinzón-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 β-catenin was required to mediate GLUT1 expression in vivo (Engelhardt, 2003). The conditional activation or deactivation of endothelial β-catenin in vivo confirmed latter’s requirement in regulating the expression of ABCB1, claudin-3, and PLVAP at the BBB (Liebner et al., 2008). The results showed that the transcriptional activity of β-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 Ctnnb1 (iCKO), it has been shown that β-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, β-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 LRP5/6iΔDC mice, in which LRP5 and LRP6 are specifically depleted in DCs, the mRNA levels of interleukin (IL)17A, IL22, TNFα increased, whereas the mRNA levels of IL10 and TNFβ were reduced (Suryawanshi et al., 2015). In β-catΔDC mice, which specifically lack β-catenin expression in DCs, a higher frequency of T helper 1 (Th1), Th17, TNFα+;CD4+ T cells, and TNFα+;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-κB) signaling cascades has been demonstrated, showing that β-catenin exerted an anti-inflammatory effect by physically inhibiting the NF-κB-mediated transcription of pro-inflammatory genes (Ma and Hottiger, 2016). Wnt5a seems to elicit pro-inflammatory responses via Fzd5, whereas Wnt3a-Fzd1 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 β-catenin signaling, increasing the expression of pro-inflammatory mediators such as IL6, IL12, and TNFα (Halleskog et al., 2011). However, recent findings have demonstrated that deactivation of the β-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; ElAli, 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; ElAli, 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; ElAli, 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 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 Dkk1 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 Dkk1 were detected between the stroke sub-types (He et al., 2016). Both studies did not detect any correlation between Scl or Dkk1 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 β-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, Wnt1 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 β-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 GSK3β (Jean LeBlanc et al., 2019), and a downregulation of β-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 β-catenin in ischemic neurons, outlining Dkk1 potency in modulating canonical Wnt pathway (Mastroiacovo et al., 2009). In the SVZ, β-catenin and Wnt3a expression was shown to decrease during the sub-acute phase after ischemic stroke (Wei et al., 2018). In LRP6+/– 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, Gpr124flox/– 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 Gpr124flox/–Ctnnb1lox(ex3)/+;Cdh5-CreERT2 mice in which β-catenin signaling is specifically activated in endothelial cells (Chang et al., 2017). The induced activation of β-catenin signaling in Gpr124flox/– 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). Dkk1 is induced in neurons within the infarct core and the penumbra and was associated to a reduced expression of β-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 β-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 17β-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 Dkk1 (Zhang et al., 2008). Indeed, E2 reduced ischemia-induced Dkk1 expression, which correlated with elevated levels of nuclear β-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 (Pfn1), 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 RAC1 (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).
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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 following ischemic stroke onset based on pathway activation (i.e., modulation of pathway’s key components) and activity (i.e., regulation of specific target genes) as reported in the different published studies.




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 ElAli, 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 Wnt1 and β-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 Wnt1 (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 Dkk1-induced expression within the ischemic striatum, which prevented Wnt3a from binding 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-1α (HIF1α) and vascular endothelial growth factor (VEGF) (Wu et al., 2015). Interestingly, hypoxic post-conditioning (HPC) increased the levels of nuclear β-catenin and the expression of Wnt3a, while decreasing the expression of Dkk1 after cerebral ischemia in rats (Zhan et al., 2019). The effects of HPC were abolished by the LV-mediated overexpression of Dkk1 in the brain (Zhan et al., 2019). HPC reduced the activity of GSK3β, an effect that was recapitulated following the pharmacological inhibition of GSK3β using SB216763 (Zhan et al., 2019). These results suggest that activation of the canonical Wnt pathway through Dkk1 inhibition and GSK3β 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 (TWS119), a specific inhibitor of GSK3β, 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 (Arg1) 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 TGFβ (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 Arg1 (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 TNFα, whereas upregulated the expression of anti-inflammatory markers, such as CD206 and Arg1 (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)-II (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 (A1 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 β-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 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 β-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 β-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 (ElAli 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 GSK3β inhibitor, TWS119, 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 β-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-JNKI1 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, IL1β, and TNFα expression (Zheng et al., 2020). Furthermore, JNK-IN-8 suppressed the activation of NF-κB 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, 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 β-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 (González-Montelongo et al., 2018). Interestingly, a strong correlation between RHOA expression/activity and injury severity was observed in patients at days 2 and 4 (González-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 (González-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 et al., 2020). Following SAH, Wnt1 and Wnt3a levels significantly decreased 12 h after onset (Wang Y. et al., 2019; Ruan et al., 2020), whereas the levels of β-catenin, Fzd1 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-GSK3β/GSK3β (i.e., indicating an enhanced kinase activity) (Krafft et al., 2012, 2013; Zuo et al., 2017), and p-serine-β-catenin/β-catenin were increased (Krafft et al., 2013; Zuo et al., 2017; Li et al., 2018), whereas the ratio p-serine-GSK3β/GSK3β (i.e., indicating a reduced kinase activity) was decreased (Li et al., 2018). Interestingly, another study has reported that in the peri-hematomal β-catenin expression in endothelial cells is downregulated, whereas GSK3β expression and activity remained unchanged (Zhao et al., 2017). On the other hand, Dkk1 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. et al., 2019). Interestingly, Dkk1 expression was found in the neuron and microglia but not in astrocytes (Wang G. et al., 2019), and correlated with a decreased level of Wnt1 in neurons (Wang Y. et al., 2019). GSK3β was activated as well in early brain injury as well as in the second phase of hemorrhagic stroke within the CA1, CA3, and DG regions of the hippocampus (Liu et al., 2018). Early deactivation of the canonical Wnt pathway using Wnt1 or Fzd1 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 ctnnb1 (iCKO) mice in which β-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 RAC1, which counteracts the biological activity of RHOA, remained unchanged, correlating with low levels of β-catenin within the adherent junctions (Huang et al., 2012). Ephrin receptor-A4 (EphA4) activation has been shown to induce the phosphorylation of Ephexin1, 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 Ephexin1, 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 ROCK2 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 Dkk1, 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 Ca2+ 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). CaMKIIα, 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 CaMKIIα, 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).
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FIGURE 2. Proposed scheme for Wnt pathway regulation in hemorrhagic stroke. A representation of canonical and non-canonical Wnt pathways temporal regulation following hemorrhagic stroke onset based on pathway activation (i.e., modulation of pathway’s key components) and activity (i.e., regulation of specific target genes) as reported in the different published studies.




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 Wnt1 (rhWnt1) 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 Wnt1 siRNA or a neutralizing monoclonal antibody anti-Fzd1 (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 Wnt pathway translated by reduced levels of Wnt1, Wnt3a and Fzd1. In this regard, the intraperitoneal delivery of 6-BIO, a GSK3β inhibitor, improved neurological functions, reduced brain hematoma volume, and stimulated regeneration after ICH (Zhao et al., 2017). This was attributed to an upregulation of BDNF, 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 BrdU+/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 Wnt1 or Wnt3a, as Dkk1 prevents Wnt1 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 β-catenin and Wnt1, and reducing the expression of Dkk1, 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. et al., 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 β-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 α7 nicotinic acetylcholine receptor (α7nAChR) has been shown to activate the phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway, which mediates GSK3β inhibition and thus β-catenin stabilization (Moccia et al., 2004). Importantly, functional α7nAChR 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 α7nAChR, decreased GSK3β expression and subsequently stabilized β-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 GSK3β inhibitors, lithium and TWS119, attenuated the sensorimotor deficits and reduced brain edema by increasing β-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 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 TNFα, IL1β, 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 Wnt1 via the delivery of rhWnt1 alleviated early brain injury associated to SAH in rats, which was accompanied by increased expression of β-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-γ (PPARγ), and decreasing the protein levels of NF-κB (Wang Y. et al., 2019). Delivery of rhWnt1 reduced as well the release of pro-inflammatory cytokines such as IL1β, IL6, and TNFα (Wang Y. et al., 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 β-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 Fzd1 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 β-catenin mRNA expression, whereas the proliferating cell nuclear antigen (PCNA)+ cells negatively correlated with Wnt3a and β-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+ 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 TNFα and IL1β (Xu et al., 2020). Interestingly, these beneficial effects were abolished following the injection of Kremen1 or Dvl1 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, JNK1 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 (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, ZO1, 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-κB; 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, β-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 β-catenin for autolysosomal degradation (Zhang et al., 2018). Moreover, TBI constitutes a major risk factor for AD. Indeed, amyloid-β (Aβ) 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 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 Dkk1 were elevated in the serum of patients with severe TBI (Ke et al., 2020). Importantly, Dkk1 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 β-catenin, the main effector of the canonical Wnt pathway. Indeed, it has been shown that β-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, β-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 β-catenin and Wnt3a significantly increased following TBI, peaking at day 3 post-TBI for β-catenin and at day 7 for Wnt3a (Wei et al., 2020). Furthermore, several findings have demonstrated that Akt/GSK3β pathway regulates as well β-catenin expression (Zhao et al., 2012). Phosphorylated Akt (p-Akt, i.e., activated) deactivates the kinase activity of GSK3β 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-GSK3β 4 h after impact, peaking 72 h later after TBI (Zhao et al., 2012). P-Akt-mediated GSK3β kinase inhibition promoted β-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 β-catenin phosphorylation mediated by GSK3β (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 β-catenin transcriptional activity, BATGAL mice, it has been demonstrated that β-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 Dvl2, 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 Ca2+ 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, CAMKIIδ expression increased within the areas surrounding the impact core, peaking 3 days later and then returned to normal levels (Pan et al., 2014). CAMKIIα plays a key role in regulating the formation of hippocampal-dependent memory, and its activity was reported to increase in the CA1, CA3 and DG regions as early as 30 min after trauma (Atkins et al., 2006; Folkerts et al., 2007). Importantly, CAMKIIα 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 CAMKIIα 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 CamKIIα-Cre;RHOAfl/fl 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).
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FIGURE 3. Proposed scheme for Wnt pathway temporal in traumatic brain injury. A representation of canonical and non-canonical Wnt pathways temporal regulation following traumatic brain injury (TBI) onset based on pathway activation (i.e., modulation of pathway’s key components) and activity (i.e., regulation of specific target genes), as reported in the different published studies.




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). 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 (Sköld 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 et al., 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 β-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 GSK3β 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. et al., 2012). 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 Dkk1 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 GSK3β to stabilize β-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 GSK3β 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 GSK3β (Lin et al., 2014). Resveratrol mitigated cell death in an in vitro model of TBI by suppressing essentially GSK3β-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 GSK3β 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 Aβ 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, β-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 β-catenin and decreased expression of GSK3β (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) administration reduced RHOA activity and increased the expression of tight junction proteins, thus preserving BBB integrity after injury (Wang Z.-G. et al., 2016). bFGF increased the expression of claudin-5, occludin, ZO1, and β-catenin in human brain microvascular endothelial cells (HBMECs) exposed to oxygen glucose deprivation (OGD)/re-oxygenation to mimic TBI conditions (Wang Z.-G. et al., 2016). Inhibition of PI3K/Akt pathway or RAC1, 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, TNFα, 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 Ca2+, 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 Ca2+ 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 ElAli, 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 ElAli, 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 Dkk1 (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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FIGURE 4. Scheme depicting Wnt pathway modulation for therapeutic purposes: An illustration summarizing the key approaches applied in the literature to modulate canonical and non-canonical Wnt pathways activation and activity, as a strategy to attenuate brain injury, and to ameliorate the post-injury reparative and restorative process.
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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 (NMZ), 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 with focal accumulations associated to the vasculature. Integrin α5 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.
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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; Iadecola, 2017). Over time, multiple ischemia-associated affections of NVU components were detected (e.g., Härtig 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; Härtig 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 α and ß 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 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 α5 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 Regierungspräsidium 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/6J 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, Unterschleißheim, Germany; mixture 70% N2O/30% O2) 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, Düsseldorf, Germany), and diazepam (0.2 mg/kg body weight; Temmler Pharma GmbH, Marburg, Germany). Mechanical ventilation with 2% isoflurane and 40% oxygen (Primus, Dräger AG, Lübeck, 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 MRI.



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 (PFA). Brains were 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 μm-thick sections each were collected.

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 μm 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 μm 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 μg/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-fibronectin*.
[image: Table1]

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 α5 (Abcam, Cambridge, UK; ab221606, 1:100), and guinea pig-anti-glial fibrillary acidic protein (GFAP; Synaptic Systems, Göttingen, 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 μg/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 ImageJ (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 (r2). 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 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).
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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 μm, in A'' (also valid for A and A') and B'' (also valid for B and B') = 100 μm.


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 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''').
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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 μm, in A'' (also valid for A and A') and B'' (also valid for B and B') = 100 μm.




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 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).
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FIGURE 3. Quantification of collagen IV and fibronectin immunosignals in the overall sample of mice subjected to 4 or 24 h of experimental focal cerebral ischemia. Region-related quantification of both immunosignals based on seven regions of interest (ROIs) located on the ischemia-affected hemisphere, while seven ROIs mirrored to the contralateral, i.e., non-affected hemisphere served as control (A). The ischemia-affected neocortex is captured by six ROIs with the ischemic border zone in the middle part, and the subcortical region is captured by a single ROI (A). Immunosignals of collagen IV (B) and fibronectin (C) are significantly increased in the neocortical area of maximum ischemic affection with a gradual decline toward the ischemic border zone and the non-affected region. A significantly increased immunosignal is also seen in the subcortical region (B,C). Correlation plots including the area of maximum ischemic affection and the ischemic border zone indicate a strong positive correlation between these regions for the inter-hemispheric differences of collagen IV (D) and fibronectin (E) indicating commutated changes in both regions at the same time. Scale bar: in A = 1 mm. Bars represent means and added lines represent the standard error of means. r: Pearson correlation coefficient. Levels of statistical significance: *p < 0.05, ***p < 0.001.


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 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).
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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.




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 on tissues originating from mice subjected to 24 h of focal cerebral ischemia were added (Figures 5, 6).
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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 μm, in A'' (also valid for A and A') and B'' (also valid for B and B') = 100 μm.
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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 μm, in A'' (also valid for A and A') and B'' (also valid for B and B') = 100 μm.


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 (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') 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 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.
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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 μm, in A'' (also valid for A and A') and B'' (also valid for B and B') = 100 μm.
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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 μm, in A'' (also valid for A and A') and B'' (also valid for B and B') = 100 μm.
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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 μm, in B''' = 100 μm, in B'' (also valid for B and B') = 100 μm.


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 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 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 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''').
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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 (Coll 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 μm, in B''' = 100 μm, in B'' (also valid for B and B'') = 100 μm.


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 α5

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 α5 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''').
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FIGURE 11. Immunofluorescence labeling of fibronectin and associated integrin α5 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 α5 (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 α5 appear vessel-associated, which becomes even clearer at a higher magnification (integrin α5: arrow in A''', FN: arrowhead in A'''). Scale bars: in A''' = 100 μm, in A'' (also valid for A and A') = 100 μm.





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 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, 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 et al. (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 (Muñoz 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 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 (Rodríguez-Yáñez 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; Härtig 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 Göritz, 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 α5 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 α5 immunoreactivity 3 days after ischemia in the present study appears in good accordance with the described peak of integrin α5 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 α5 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 α5/ß1 over αv/ß3 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 α5 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 β-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, 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.
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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 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, 2019c). 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 (Hoff 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 mm2 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 mm2 (core + peri-infarct: 11.82 ± 4.98 mm2) 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).
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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.




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).
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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, vcx, visual cortex. EB; Evans Blue, bl; brain lysates.


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(1 dpi): 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(7 dpi): 34.01 ± 14.77; stroke(21 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(1 dpi): 17.05 ± 11.92, p = 0.002], in the ipsilesional hippocampus [intact: 0.03 ± 0.01, stroke(1 dpi): 8.98 ± 5.49, p = 0.03] and contralesional hippocampus [intact: 0.02 ± 0.01, stroke(1 dpi): 8.63 ± 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 mm2, 7 dpi: 6.40 ± 2.20 mm2, 21 dpi: 5.65 ± 2.80 mm2, all p > 0.05), whereas the EB -positive area in the peri-infarct regions steadily decreased from day 1 (5.79 ± 0.99 mm2) to day 7 (3.06 ± 1.13 mm2, p = 0.007), and day 21 (2.18 ± 2.01 mm2, p = 0.001) (Figures 3D,E). The peri-infarct region was defined by vascular density and ranged 300–600 μm 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 mm2 at day 1 and shrunk to very small dimensions from day 7 on (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).
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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 μm. (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 significance: ∗∗P < 0.01. Dpi, days post injury; H, histology; ctx, cortex; EB, Evans blue.


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 ± 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.
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FIGURE 4. Disruption of pericyte coverage and tight and adherens junction proteins in the peri-infarct region 1–21 days after photothrombotic stroke. (A) Schematic representation of blood brain barrier composition and time course of experiment (N = 3–6). (B) Representative images of blood vessels (CD31, red) covered by pericytes (CD13, cyan) and the quantitative evaluation of pericyte coverage in intact and peri-infarct cortex at 1 and 21dpi. Scale bar: 50 μm. (C) Representative images of tight and adherens junction proteins Claudin5 (blue), VE-Cadherin (green), and ZO-1 (yellow) associated with blood vessels (CD31, red). Scale bar: 20 μm. (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.




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 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 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 (Fernández-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 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 (Iizuka 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 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 × 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 (ImageJ).



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 μg/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 μm 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 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 μl/mg tissue weight; Tris-HCl, 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 10×, 20×, and 40× objectives. Images were processed using Fiji (ImageJ), 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 (ImageJ) 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 μm 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 μm 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 by using the Shapiro-Wilk test. Normally distributed data were tested for differences with a two-tailed unpaired one-sample t-test to compare changes between two groups (differences between ipsi- and contra-lesional site) as in Figures 3E, 4B–D. Multiple comparisons as in Figures 1C, 2D were initially tested for normal distribution with the Shapiro-Wilk test. The significance of mean differences between normally distributed multiple comparisons was assessed using Tukey’s HSD. Data are expressed as means ± SD, and statistical significance was defined as ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by the Cantonal Veterinary Office of Zurich.



AUTHOR CONTRIBUTIONS

RW, LG, and RR designed the study. RR prepared the figures and wrote the manuscript. RW, LG, GM, MM, and RR carried out the experiments. RW, LG, MS, and CT proofread and revised the manuscript. All authors read and approved the final manuscript.



FUNDING

RR and CT were supported by the Mäxi Foundation.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2020.586226/full#supplementary-material



REFERENCES

Abdullahi, W., Tripathi, D., and Ronaldson, P. T. (2018). Blood-brain barrier dysfunction in ischemic stroke: targeting tight junctions and transporters for vascular protection. Am. J. Physiol. Cell Physiol. 315, C343–C356. doi: 10.1152/ajpcell.00095.2018

Allred, R. P., Adkins, D. L., Woodlee, M. T., Husbands, L. C., Maldonado, M. A., Kane, J. R., et al. (2008). The vermicelli handling test: a simple quantitative measure of dexterous forepaw function in rats. J. Neurosci. Methods 170, 229–244. doi: 10.1016/j.jneumeth.2008.01.015

Armulik, A., Genové, G., Mäe, M., Nisancioglu, M. H., Wallgard, E., Niaudet, C., et al. (2010). Pericytes regulate the blood–brain barrier. Nature 468, 557–561. doi: 10.1038/nature09522

Baumgartner, P., El Amki, M., Bracko, O., Luft, A. R., and Wegener, S. (2018). Sensorimotor stroke alters hippocampo-thalamic network activity. Sci. Rep. 8:15770. doi: 10.1038/s41598-018-34002-9

Belayev, L., Busto, R., Zhao, W., and Ginsberg, M. D. (1996). Quantitative evaluation of blood-brain barrier permeability following middle cerebral artery occlusion in rats. Brain Res. 739, 88–96. doi: 10.1016/s0006-8993(96)00815-3

Bell, R. D., Winkler, E. A., Sagare, A. P., Singh, I., LaRue, B., Deane, R., et al. (2010). Pericytes control key neurovascular functions and neuronal phenotype in the adult brain and during brain aging. Neuron 68, 409–427. doi: 10.1016/j.neuron.2010.09.043

Berndt, P., Winkler, L., Cording, J., Breitkreuz-Korff, O., Rex, A., Dithmer, S., et al. (2019). Tight junction proteins at the blood–brain barrier: far more than claudin-5. Cell. Mol. Life Sci. 76, 1987–2002. doi: 10.1007/s00018-019-03030-7

Brouns, R., Wauters, A., De Surgeloose, D., Mariën, P., and De Deyn, P. P. (2011). Biochemical markers for blood-brain barrier dysfunction in acute ischemic stroke correlate with evolution and outcome. Eur. Neurol. 65, 23–31. doi: 10.1159/000321965

Cao, Z., Balasubramanian, A., Pedersen, S. E., Romero, J., Pautler, R. G., and Marrelli, S. P. (2017). TRPV1-mediated pharmacological hypothermia promotes improved functional recovery following ischemic stroke. Sci. Rep. 7:17685. doi: 10.1038/s41598-017-17548-y

Cao, Z., Harvey, S. S., Bliss, T. M., Cheng, M. Y., and Steinberg, G. K. (2020). Inflammatory responses in the secondary thalamic injury after cortical ischemic stroke. Front. Neurol. 11:236. doi: 10.3389/fneur.2020.00236

Carmichael, S. T. (2005). Rodent models of focal stroke: size. mechanism, and purpose. NeuroRx 2, 396–409. doi: 10.1602/neurorx.2.3.396

Castellazzi, M., Morotti, A., Tamborino, C., Alessi, F., Pilotto, S., Baldi, E., et al. (2020). Increased age and male sex are independently associated with higher frequency of blood–cerebrospinal fluid barrier dysfunction using the albumin quotient. Fluids Barriers CNS 17:14. doi: 10.1186/s12987-020-0173-2

Dirnagl, U. (2010). Rodent Models of Stroke. Available online at: https://www.springer.com/de/book/9781607617495 (accessed July 3, 2020).

Fernández-Klett, F., Potas, J. R., Hilpert, D., Blazej, K., Radke, J., Huck, J., et al. (2013). Early loss of pericytes and perivascular stromal cell-induced scar formation after stroke. J. Cereb. Blood Flow Metab. Off. J. Int. Soc. Cereb. Blood Flow Metab. 33, 428–439. doi: 10.1038/jcbfm.2012.187

GBD 2016 Stroke Collaborators (2019). Global, regional, and national burden of stroke, 1990-2016: a systematic analysis for the global burden of disease study 2016. Lancet Neurol. 18, 439–458. doi: 10.1016/S1474-4422(19)30034-1

Hoff, E. I., oude Egbrink, M. G. A., Heijnen, V. V. T., Steinbusch, H. W. M., and van Oostenbrugge, R. J. (2005). In vivo visualization of vascular leakage in photochemically induced cortical infarction. J. Neurosci. Methods 141, 135–141. doi: 10.1016/j.jneumeth.2004.06.004

Holmberg, P., Liljequist, S., and Wägner, A. (2009). Secondary brain injuries in thalamus and hippocampus after focal ischemia caused by mild, transient extradural compression of the somatosensori cortex in the rat. Curr. Neurovasc. Res. 6, 1–11. doi: 10.2174/156720209787466073

Hom, J., Dankbaar, J. W., Soares, B. P., Schneider, T., Cheng, S.-C., Bredno, J., et al. (2011). Blood-brain barrier permeability assessed by perfusion CT predicts symptomatic hemorrhagic transformation and malignant edema in acute ischemic stroke. Am. J. Neuroradiol. 32, 41–48. doi: 10.3174/ajnr.A2244

Huang, Z. G., Xue, D., Preston, E., Karbalai, H., and Buchan, A. M. (1999). Biphasic opening of the blood-brain barrier following transient focal ischemia: effects of hypothermia. Can. J. Neurol. Sci. J. Can. Sci. Neurol. 26, 298–304. doi: 10.1017/s0317167100000421

Iizuka, H., Sakatani, K., and Young, W. (1990). Neural damage in the rat thalamus after cortical infarcts. Stroke 21, 790–794. doi: 10.1161/01.str.21.5.790

Jiang, X., Andjelkovic, A. V., Zhu, L., Yang, T., Bennett, M. V. L., Chen, J., et al. (2018). Blood-brain barrier dysfunction and recovery after ischemic stroke. Prog. Neurobiol. 16, 144–171. doi: 10.1016/j.pneurobio.2017.10.001

Jiao, H., Wang, Z., Liu, Y., Wang, P., and Xue, Y. (2011). Specific role of tight junction proteins claudin-5, occludin, and ZO-1 of the blood–brain barrier in a focal cerebral ischemic insult. J. Mol. Neurosci. 44, 130–139. doi: 10.1007/s12031-011-9496-4

Kassner, A., and Merali, Z. (2015). Assessment of blood-brain barrier disruption in stroke. Stroke 46, 3310–3315. doi: 10.1161/STROKEAHA.115.008861

Kastrup, A., Gröschel, K., Ringer, T. M., Redecker, C., Cordesmeyer, R., Witte, O. W., et al. (2008). Early disruption of the blood-brain barrier after thrombolytic therapy predicts hemorrhage in patients with acute stroke. Stroke 39, 2385–2387. doi: 10.1161/STROKEAHA.107.505420

Katan, M., and Luft, A. (2018). Global Burden of Stroke. Semin. Neurol. 38, 208–211. doi: 10.1055/s-0038-1649503

Labat-gest, V., and Tomasi, S. (2013). Photothrombotic ischemia: a minimally invasive and reproducible photochemical cortical lesion model for mouse stroke studies. J. Vis. Exp. 76:50370. doi: 10.3791/50370

Li, J.-J., Xing, S.-H., Zhang, J., Hong, H., Li, Y.-L., Dang, C., et al. (2011). Decrease of tight junction integrity in the ipsilateral thalamus during the acute stage after focal infarction and ablation of the cerebral cortex in rats. Clin. Exp. Pharmacol. Physiol. 38, 776–782. doi: 10.1111/j.1440-1681.2011.05591.x

Ling, L., Zeng, J., Pei, Z., Cheung, R. T. F., Hou, Q., Xing, S., et al. (2009). Neurogenesis and angiogenesis within the ipsilateral thalamus with secondary damage after focal cortical infarction in hypertensive rats. J. Cereb. Blood Flow Metab. Off. J. Int. Soc. Cereb. Blood Flow Metab. 29, 1538–1546. doi: 10.1038/jcbfm.2009.76

Merali, Z., Huang, K., Mikulis, D., Silver, F., and Kassner, A. (2017). Evolution of blood-brain-barrier permeability after acute ischemic stroke. PLoS One 12:e0171558. doi: 10.1371/journal.pone.0171558

Montagne, A., Nation, D. A., Sagare, A. P., Barisano, G., Sweeney, M. D., Chakhoyan, A., et al. (2020). APOE4 leads to blood–brain barrier dysfunction predicting cognitive decline. Nature 581, 71–76. doi: 10.1038/s41586-020-2247-3

Nadareishvili, Z., Simpkins, A. N., Hitomi, E., Reyes, D., and Leigh, R. (2019). Post-stroke blood-brain barrier disruption and poor functional outcome in patients receiving thrombolytic therapy. Cerebrovasc. Dis. 47, 135–142. doi: 10.1159/000499666

Nagel, S., Wagner, S., Koziol, J., Kluge, B., and Heiland, S. (2004). Volumetric evaluation of the ischemic lesion size with serial MRI in a transient MCAO model of the rat: comparison of DWI and T1WI. Brain Res. Brain Res. Protoc. 12, 172–179. doi: 10.1016/j.brainresprot.2003.11.004

Nation, D. A., Sweeney, M. D., Montagne, A., Sagare, A. P., D’Orazio, L. M., Pachicano, M., et al. (2019). Blood–brain barrier breakdown is an early biomarker of human cognitive dysfunction. Nat. Med. 25, 270–276. doi: 10.1038/s41591-018-0297-y

Nih, L. R., Gojgini, S., Carmichael, S. T., and Segura, T. (2018). Dual-function injectable angiogenic biomaterial for the repair of brain tissue following stroke. Nat. Mater. 17:642. doi: 10.1038/s41563-018-0083-8

Obermeier, B., Daneman, R., and Ransohoff, R. M. (2013). Development, maintenance and disruption of the blood-brain barrier. Nat. Med. 19, 1584–1596. doi: 10.1038/nm.3407

Okada, M., Kikuchi, T., Okamura, T., Ikoma, Y., Tsuji, A. B., Wakizaka, H., et al. (2015). In-vivo imaging of blood-brain barrier permeability using positron emission tomography with 2-amino-[3-11C]isobutyric acid. Nucl. Med. Commun. 36, 1239–1248. doi: 10.1097/MNM.0000000000000385

Ozkul-Wermester, O., Guegan-Massardier, E., Triquenot, A., Borden, A., Perot, G., and Gérardin, E. (2014). Increased blood-brain barrier permeability on perfusion computed tomography predicts hemorrhagic transformation in acute ischemic stroke. Eur. Neurol. 72, 45–53. doi: 10.1159/000358297

Prakash, R., and Carmichael, S. T. (2015). Blood–brain barrier breakdown and neovascularization processes after stroke and traumatic brain injury. Curr. Opin. Neurol. 28, 556–564. doi: 10.1097/WCO.0000000000000248

Reeves, M. J., Bushnell, C. D., Howard, G., Gargano, J. W., Duncan, P. W., Lynch, G., et al. (2008). Sex differences in stroke: epidemiology, clinical presentation, medical care, and outcomes. Lancet Neurol. 7, 915–926. doi: 10.1016/S1474-4422(08)70193-5

Rosenberg, G. A., Estrada, E. Y., and Dencoff, J. E. (1998). Matrix metalloproteinases and TIMPs are associated with blood-brain barrier opening after reperfusion in rat brain. Stroke 29, 2189–2195. doi: 10.1161/01.str.29.10.2189

Rust, R., Gantner, C., and Schwab, M. E. (2018). Pro- and antiangiogenic therapies: current status and clinical implications. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol 33, 34–48. doi: 10.1096/fj.201800640RR

Rust, R., Grönnert, L., Dogançay, B., and Schwab, M. E. (2019a). A revised view on growth and remodeling in the retinal vasculature. Sci. Rep. 9:3263. doi: 10.1038/s41598-019-40135-2

Rust, R., Grönnert, L., Gantner, C., Enzler, A., Mulders, G., Weber, R. Z., et al. (2019b). Nogo-A targeted therapy promotes vascular repair and functional recovery following stroke. Proc. Natl. Acad. Sci U.S.A. 116, 14270–14279. doi: 10.1073/pnas.1905309116

Rust, R., Grönnert, L., Weber, R. Z., Mulders, G., and Schwab, M. E. (2019c). Refueling the ischemic CNS: guidance molecules for vascular repair. Trends Neurosci 42, 644–656. doi: 10.1016/j.tins.2019.05.006

Rust, R., Kirabali, T., Grönnert, L., Dogancay, B., Limasale, Y. D. P., Meinhardt, A., et al. (2020). A practical guide to the automated analysis of vascular growth, maturation and injury in the brain. Front. Neurosci 14:244. doi: 10.3389/fnins.2020.00244

Rust, R., Weber, R. Z., Grönnert, L., Mulders, G., Maurer, M. A., Hofer, A.-S., et al. (2019d). Anti-Nogo-A antibodies prevent vascular leakage and act as pro-angiogenic factors following stroke. Sci. Rep. 9, 1–10. doi: 10.1038/s41598-019-56634-1

Sifat, A. E., Vaidya, B., and Abbruscato, T. J. (2017). Blood-brain barrier protection as a therapeutic strategy for acute ischemic stroke. AAPS J. 19, 957–972. doi: 10.1208/s12248-017-0091-7

Sourbron, S., Ingrisch, M., Siefert, A., Reiser, M., and Herrmann, K. (2009). Quantification of cerebral blood flow, cerebral blood volume, and blood–brain-barrier leakage with DCE-MRI. Magn. Reson. Med. 62, 205–217. doi: 10.1002/mrm.22005

Strbian, D., Durukan, A., Pitkonen, M., Marinkovic, I., Tatlisumak, E., Pedrono, E., et al. (2008). The blood-brain barrier is continuously open for several weeks following transient focal cerebral ischemia. Neuroscience 153, 175–181. doi: 10.1016/j.neuroscience.2008.02.012

Underly, R. G., Levy, M., Hartmann, D. A., Grant, R. I., Watson, A. N., and Shih, A. Y. (2017). Pericytes as inducers of rapid, matrix metalloproteinase-9-dependent capillary damage during Ischemia. J. Neurosci. 37, 129–140. doi: 10.1523/JNEUROSCI.2891-16.2016

Yen, L. F., Wei, V. C., Kuo, E. Y., and Lai, T. W. (2013). Distinct patterns of cerebral extravasation by Evans blue and sodium fluorescein in rats. PLoS One 8:e68595. doi: 10.1371/journal.pone.0068595

Zhao, Z., Nelson, A. R., Betsholtz, C., and Zlokovic, B. V. (2015). Establishment and dysfunction of the blood-brain barrier. Cell 163, 1064–1078. doi: 10.1016/j.cell.2015.10.067

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Weber, Grönnert, Mulders, Maurer, Tackenberg, Schwab and Rust. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	REVIEW
published: 25 November 2020
doi: 10.3389/fphys.2020.601320





[image: image]

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

Edited by:
Fabrice Dabertrand, University of Colorado, United States

Reviewed by:
Humberto Mestre, University of Rochester, United States
Susanne J. Van Veluw, Massachusetts General Hospital and Harvard Medical School, United States

*Correspondence: Akihiko Urayama, Akihiko.Urayama@uth.tmc.edu

†Present address: Matthew D. Howe, Department of Psychiatry and Human Behavior, Brown University, Providence, RI, United States

Specialty section: This article was submitted to Vascular Physiology, a section of the journal Frontiers in Physiology

Received: 31 August 2020
Accepted: 28 October 2020
Published: 25 November 2020

Citation: Howe MD, McCullough LD and Urayama A (2020) The Role of Basement Membranes in Cerebral Amyloid Angiopathy. Front. Physiol. 11:601320. doi: 10.3389/fphys.2020.601320

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-β (Aβ). Recent advances in our understanding of CAA pathogenesis link BM remodeling to functional impairment of perivascular transport pathways that are key to removing Aβ 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 Aβ 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-β (Aβ) 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-ε4 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 Aβ 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 Aβ 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 Aβ 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 Aβ 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 Aβ 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 Aβ 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 Aβ. 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 Aβ 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 (Kiliç and Akakin, 2008; Marín-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; Iliff 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.
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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.


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 (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 et al., 2017b). The BM regulates local cellular function by binding to integrin receptors, which are a family of cell membrane receptors that contain both α and β subunits. Different classes of integrins are expressed by endothelial cells (α1β1, α3β, α6β1, αvβ1) (Paulus et al., 1993; Milner and Campbell, 2002, 2006; Engelhardt and Sorokin, 2009), pericytes (α4β1) (Grazioli et al., 2006) and astrocytes (α1β1, α5β1, α6β1) (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, α5β1 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., 2006; Mahalingam et al., 2007; Huveneers et al., 2008; Wang et al., 2010; Hielscher et al., 2016; Lee et al., 2019).


TABLE 1. BM proteins expressed in mature intraparenchymal and meningeal vessels.

[image: Table 1]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 Aβ 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 (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 Aβ 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 Aβ (Nortley et al., 2019), as well as increased reactive astrocytosis with dystrophic endfeet surrounding BM amyloid deposits (Giannoni et al., 2016; 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.


TABLE 2. Changes in BM composition in AD patients and transgenic mouse models compared to age-matched controls.
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FIGURE 2. Routes of perivascular fluid transport and Aβ deposition. Top: Diagram of perivascular fluid transport under the peri-arterial drainage and glymphatic circulation models, respectively. Bottom: Both direct and indirect routes of Aβ deposition may contribute to CAA pathology.


The pathophysiologic relationship between BM remodeling and Aβ 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 Aβ1–40 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 (Syková 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 μm/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 Aβ1–40 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 Aβ1–40 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 Aβ1–40 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 Aβ1–40 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 Aβ1–40 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 Aβ1–40 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 Aβ1–40 colocalizes with existing CAA, and that high levels of CSF Aβ1–40 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 Aβ1–40 (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 Aβ1–40 levels have been found to be a biomarker of CAA, as declining CSF Aβ1–40 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-ε4 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.


TABLE 3. Studies of perivascular transport in animal models of AD and related dementia risk factors.

[image: 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 Aβ1–40 drainage. Additionally, Kress et al. (2014) identified reduced para-arterial CSF influx in aged wild-type animals, as well as reduced ISF efflux and Aβ1–40 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 Aβ to the BM components, including laminin which facilitates the clearance of Aβ (Thal et al., 2007; Zekonyte et al., 2016). In fact, ApoE-ε4/Aβ complex has been shown to exhibit reduced binding to laminin-511, which may increase the deposition of Aβ (Castillo et al., 2000; Zekonyte et al., 2016). Hawkes et al. (2012) found that humanized ApoE-ε4 mice by the targeted gene replacement exhibited lower levels of laminin and collagen IV in the BM, and increased deposition of intrahippocampally injected Aβ1–40 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-ε4 distribution was reduced compared to ApoE-ε2 and ApoE-ε3. These studies point to ApoE/Aβ/laminin interactions as an important regulator of Aβ1–40 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 Aβ1–40 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 Aβ1–40, 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 Aβ1–40 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 Aβ1–40 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 et al. (2019) and Xue et al. (2020) 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 Aβ clearance merits further study, as chronic increases in systemic blood pressure worsens Aβ 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 Aβ1–40 and promote CAA via multiple pathophysiologic mechanisms, including (1) specific binding of ECM proteins to soluble Aβ1–40, (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.
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FIGURE 3. Potential mechanisms of perivascular transport impairment in CAA pathogenesis. (1) Increased expression of fibronectin may specifically favor Aβ deposition within the basement membrane, (2) alterations in the cellular and molecular geometry of the perivascular space may non-specifically trap Aβ 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.



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 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 Aβ (Snow et al., 1995; Castillo et al., 2000). Recent work by our laboratory elucidated a potential pathophysiologic relationship between elevated fibronectin levels and Aβ1–40 deposition in vivo, finding that intracisternally infused CSF Aβ1–40 deposited within thickened, fibronectin-rich segments of the BM in aged mice with stroke, and that fibronectin-Aβ1–40 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 Aβ1–40 circulating through the PVS due to specific molecular interactions. However, such binding does not always favor aggregation as laminin binding may inhibit Aβ 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 (Syková 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 (Syková 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 Hrabìtová, 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, Syková 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 (Syková and Nicholson, 2008). More work is needed to determine the impact that increased tortuosity has on the perivascular transport of soluble Aβ.

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 (Syková and Nicholson, 2008; Nicholson and Hrabìtová, 2017). In a study of human astrocytic tumors, Zámecník 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 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 β1-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 Aβ 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 Aβ-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 hemorrhagic stroke (Chen et al., 2013). In contrast, a subsequent study in pericytes found that inhibition of astrocytic laminin-111 binding to integrin α2 increased pericyte differentiation and contractile protein expression (Yao et al., 2014). Finally, Merlini et al. (2011) found that CAA pathology in AD-model Tg-ArcAβ 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 Aβ1–40 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 β1–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; Noël et al., 2019, 2020). Laminins have been shown to promote AQP4 polarization via binding to the dystroglycan associated complex on the cell membrane (Noël et al., 2020), which has been shown to bind AQP4 via α-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 α-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; Noël et al., 2019; Table 2). This provides an important link between alterations in BM components, loss of AQP4 polarization and impaired perivascular transport of Aβ1–40 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 Aβ1–40 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 Aβ deposition due to its effects on perivascular transport pathways relevant to Aβ1–40 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 Aβ 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 Aβ 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 Aβ1–40 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, Aβ 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 J (Tarasoff-Conway et al., 2015; Reed et al., 2019). Finally, 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 Aβ1–40 and Aβ1–42 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 Aβ1–40 and Aβ1–42 compared to age-matched non-carriers, raising the possibility that declining perivascular Aβ 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-β (TGF-β) 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.
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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 et al., 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 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; Iadecola, 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; Iadecola, 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 μm from each vessel (Tsai et al., 2009). Here, we summarize established characteristics of vascular cells and briefly highlight their brain-specific features and functions.
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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.



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; Iadecola, 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 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 et al., 2014; Sakuma et al., 2016). Others have suggested pericytes may serve as multi-potent stem cells in vitro (Dore-Duffy 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

vSMCs 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 (Iadecola, 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, 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 vSMCs 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-α (Pdgfrα) 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 (Col1a1)-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-β (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 (Iliff 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., 2006; 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 (Gu et al., 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.” Large cerebral arteries course along the brain’s pial surface tapering and branching giving rise to pial and penetrating arterioles. Arterioles branch to give rise to an immense capillary tree. Capillaries ultimately converge to form venules which further converge to form veins. Large cortical veins within the subarachnoid space ultimately connect to venous sinuses contained within the dura mater to facilitate egress of blood from the brain. In the ensuing subsection, we describe the diversity in cell morphology of each cell type along these vascular transitions or regional variations when described in the central nervous system (summarized in Figure 1).


Endothelial Cells

For most brain regions, the EC membrane remains continuous without interruption (Zhao et al., 2015; Sweeney et al., 2019). Expression of the tight junction proteins remains constant throughout the arterial-venous axis in the brain, but show some ultrastructural differences—such as a greater overlap in arteries (Hanske et al., 2017). Higher permeability and reduced tight junction protein expression is reported for select CNS regions—such as the spinal cord (Winkler et al., 2012). In brain circumventricular organs—such as the subfornical organ, organum vasculosum of the lamina terminalis and area postrema—or choroid-plexus, ECs contain fenestrations or intracellular pores which permit high permeability (Ghersi-Egea et al., 2018).

Preservation of BBB integrity also occurs through suppression of caveolae and transcytosis (Ben-Zvi et al., 2014; Andreone et al., 2017; Chow and Gu, 2017). Classically low rates of vesicular transport were thought to be uniform. However, higher rates of vesicular transport have been observed in arteries/arterioles whereas receptor-mediated transcytosis is primarily detected in post-capillary venules (Hanske et al., 2017; Kucharz et al., 2020). A recent work has shown that suppression is not uniform and that abundant caveolae are selectively abundant in arteriolar ECs—which facilitates the signaling between neurons, ECs, and vSMCs underlying neurovascular coupling (Chow et al., 2020). Whether this phenomenon varies regionally has not been reported.



Mural Cells

Considerable variation is observed in mural cells—a term referring to both vSMCs and PCs in part to account for varying cell identity along the arterial-venous axis (Winkler et al., 2011, 2019; Figures 1B–E). In arteries with diameters > 100 μm, vSMCs are spindle shaped and form concentric rings ∼ 4–10 cells thick (Shiraishi et al., 1986). As arteries progressively branch and taper forming arterioles, vSMC cell layers become thinner and ultimately become discontinuous cells with rod-like or thin lateral processes in more terminal branches (Shiraishi et al., 1986; Iadecola, 2017; Figures 1C,D). In venules and veins, vSMCs remain discontinuous and are stellate in configuration (Hill et al., 2015; Smyth et al., 2018; Vanlandewijck et al., 2018; Figure 1E).

Whether a continuum of mural cell phenotypes exists and the point of transition between vSMC to pericyte remains controversial. Some have suggested that the transition from vSMCs to pericytes is discrete (Hill et al., 2015; Zeisel et al., 2015; Vanlandewijck et al., 2018). Others have described a transitional cell with shared attributes between both cell types (Hartmann et al., 2015; Grant et al., 2019; Grubb et al., 2020; Ratelade et al., 2020). Transitional cells have also been suggested in humans (Smyth et al., 2018; Ratelade et al., 2020). However, classification of these or closely related cells differs between groups with a number of other terms—including ensheathing PCs, pre-capillary PCs, vSMC-PCs hybrids, or precapillary vSMCs (Uemura et al., 2020). Despite these differences, most agree that the contractile cells in pre-capillary arterioles are responsible for regional CBF regulation and neurovascular coupling (Fernandez-Klett et al., 2010; Hill et al., 2015; Kisler et al., 2017b; Hartmann et al., 2020).

Brain PCs also display considerable morphologic heterogeneity—including ensheathing or transitional, mesh, thin-strand, or helical and stellate configurations (Hartmann et al., 2015; Arango-Lievano et al., 2018; Smyth et al., 2018; Grant et al., 2019; Uemura et al., 2020; Figure 1B). Ensheathing PCs—analogous to the transitional cells above—predominately localize to pre-capillary arterioles. Like other PCs, they have an ovoid cell body, but with cell processes that are larger and broader which enwrap and cover much of the endothelial wall (> 90%). They also express contractile proteins—such as smooth muscle α-actin (αSMA) (Hartmann et al., 2015; Smyth et al., 2018; Grant et al., 2019). Contractile protein expression terminates as arterioles branch further to form smaller capillaries. Throughout capillaries and post-capillary venules, PC cell processes assume a mesh-like or thin-strand appearance which covers ∼70 or ∼50% of the endothelial cell well, respectively (Hartmann et al., 2015; Smyth et al., 2018; Grant et al., 2019). The functional significance of these configurations is presently unknown but may reflect a facilitatory role in transport.

PC abundance and coverage of the EC wall is relatively constant in the adult brain—including the cortex, hippocampus, striatum, and cerebellum (Bell et al., 2010; Winkler et al., 2010, 2012). However, PCs are less abundant in the spinal cord and most reduced in the gray matter of the anterior horn (Winkler et al., 2012, 2013). Whether these alterations are the result of the relative abundance or presence of different pericyte subtypes is presently unknown. Much of this work has also been done in rodents and whether species-specific differences as with other cell types exists has also yet to be determined (O’Brown et al., 2018).



Perivascular Fibroblast-Like Cells

PVFBs share some cell marker expression with PCs—including N-aminopeptidase (also known as CD13, encoded by Anpep) and platelet-derived growth factor receptor-β (Pdgfrβ) (Soderblom et al., 2013). Unlike PCs, they are found along all vessels expect capillaries (Figures 1B,C,E). Morphologically they are more globular appearance with shorter and finer processes which enwrap the vessel wall. They are also more loosely associated with the vessels—described to be an “awkward hug” (Vanlandewijck et al., 2018; Rajan et al., 2020). Whether different morphologic subtypes exist along the arterial-venous axis or in different brain regions remains to be characterized.



Perivascular Macrophages

PVMs are confined to arterioles and venules and are one of several specialized macrophages known as “border associated macrophages”—including leptomeningeal, dural, and choroid plexus macrophages (Goldmann et al., 2016; Utz et al., 2020; Figures 1B,C,E). PVMs adopt a relatively simple ameboid morphology (Zeisel et al., 2015; Kierdorf et al., 2019). They are non-motile, but able to extend cellular processes along the Virchow-Robin Space (Goldmann et al., 2016). Other border associated macrophages are stellate or dendriform appearance (Goldmann et al., 2016; Kierdorf et al., 2019). Whether PVMs has regional or arterial-venous variation in morphology has not been reported.



Astrocytes

Morphologic variations in astrocytes have been described for > 100 years and were first introduced by Golgi and Cajal (Garcia-Lopez et al., 2010). Classically astrocytes were divided into two morphologic groups. Protoplasmic astrocytes of the gray matter are highly ramified contacting neuronal cell bodies, dendrites, and the vasculature, whereas fibrous astrocytes characterized as smaller with fewer branches are organized largely around white matter tracts (Oberheim et al., 2006; Miller, 2018; Matias et al., 2019). Between species, protoplasmic astrocytes are larger and extend 10-fold as many cellular processes in humans than rodents (Oberheim et al., 2009). Even greater morphological diversity is observed in different cortical layers (Oberheim et al., 2006, 2009; Lanjakornsiripan et al., 2018). For example, layer 1 astrocytes known as subpial or marginal zone astrocytes display unique molecular expression patterns (Garcia-Marques and Lopez-Mascaraque, 2013; Batiuk et al., 2020). Another subgroup of astrocytes unique to primates—known as interlaminar astrocytes—are located in layer 1 and extend long fibers which extend throughout the cortex and terminate in layers 3/4 (Oberheim et al., 2006, 2009). Extent of ramification or synaptic ensheathment of protoplasmic astrocytes varies between cortical layers (Lanjakornsiripan et al., 2018). In layers 5–6, varicose projection astrocytes also extend long fibers with regularly spaced varicosities (Oberheim et al., 2006, 2009).

With respect to the brain vasculature, astrocyte cell bodies rarely exceed ∼6–10 μm from blood vessels and foot processes form a continuous sheathe around all vessels below the pia—including arterioles, capillaries, and venules (McCaslin et al., 2011). Within the somatosensory cortex, the perivascular astrocytic sheath is thickest for arterioles and thinnest for capillaries. However, capillaries had the greatest density of astrocyte foot processes and separation between astrocytes and capillaries decreased with increasing cortical depth (McCaslin et al., 2011). In other CNS regions, e.g., the retina, astrocytes along veins are large and occur with greater density than arteries (Jammalamadaka et al., 2015). Whether this relationship is maintained in the brain or differs between CNS regions remains to be characterized. During development, the vasculature has been shown to interact with different subtypes of astrocytes or astrocyte-like radial-glial cells depending on location, such as truncated and outer radial glia (Marin-Padilla, 1995; Nowakowski et al., 2016). How different subtypes of astrocytes interact with different aspects of the arterial-venous axis in the adult brain has yet to be completely characterized.



Transcriptomic Diversification and Subspecialization

Cell diversity in brain vascular cells transcends what can be seen with conventional histologic evaluations. Development of high-throughput single cell transcriptomic technologies identified considerable transcriptional variability of subpopulations within cardinal cell types. Distinct vascular segments have unique functional properties. For example, terminal or pre-capillary arterioles are believed to be the site of regional CBF regulation (Fernandez-Klett et al., 2010; Hill et al., 2015; Kisler et al., 2017b). Capillaries are the site of bidirectional molecular transport (Sweeney et al., 2019). Venules and veins are the site of leukocyte migration and vascular immune responses (Filippi et al., 2018; Lapenna et al., 2018). Dural based sinuses facilitate continued immune surveillance through meningeal lymphatics (Louveau et al., 2015, 2016). In this subsection, we summarize newly defined transcriptional variation and functional distinctions within subpopulations of brain vascular cells (summarized in Table 1).


TABLE 1. Enriched cellular markers of transcriptionally-defined subpopulations of brain vascular cells.
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Endothelial Cells

EC heterogeneity is observed across organs (Augustin and Koh, 2017). Brain ECs display a number of distinct attributes consistent with their specialized function. For example, brain ECs specifically express a number of transmembrane transporters—such as those involved in the transport of glucose (Slc2a1), amino acids (Slc3a2, Slc7a5), and fatty acids (Mfsd2a) (Sabbagh et al., 2018; Feng et al., 2019; Jambusaria et al., 2020; Kalucka et al., 2020). Brain ECs also demonstrate a unique metabolic gene signature (Kalucka et al., 2020). Others have demonstrated enrichment of translated transcripts specific to neurotransmission, such as synapse organization and neurotransmitter transport (Jambusaria et al., 2020). Enrichment for Wnt signaling and brain EC-specific transcription factors associated with maturation of the BBB are also observed, such as forkhead box F2 (Foxf2), forkhead box Q1 (Foxq1) or zic family member 3 (Zic3) (Hupe et al., 2017; Sabbagh et al., 2018; Kalucka et al., 2020). Brain specific epigenetic regulatory networks, including chromatin accessibility and DNA methylome landscapes, have also been described in brain ECs suggesting added regulatory mechanisms (Sabbagh et al., 2018).

Within the brain, EC gene expression changes along the arterial-venous axis. Capillary and venule ECs preferentially express solute transporters and inflammatory mediators, respectively (Macdonald et al., 2010). scRNAseq studies have demonstrated a transcriptional continuum or zonation characterized by gradual phenotypic changes along the arterial-venous axis. Closer analyses showed that transcription factors were overrepresented in arterial ECs, while transporters were enriched in ECs from capillary and veins. Three additional EC clusters were also identified but were outside the arteriovenous zone and the significance of these were unclear (Vanlandewijck et al., 2018).

scRNAseq technologies have evolved to permit characterization of a greater number of cells, such as droplet based scRNAseq. Studies employing these techniques in the adult murine brain vasculature have similarly showed continuous gene expression changes consistent with smooth EC molecular transitions along the arterial-venous axis (Saunders et al., 2018; Kalucka et al., 2020). A recent study has identified nine distinct EC clusters. Seven correspond to arterial-venous graduation—such as large arteries, arterial shear stress, capillary artery, capillary, capillary venous, and large vein. Two additional clusters were also noted—including choroid plexus ECs and interferon-activated ECs (Kalucka et al., 2020). Others have identified seven distinct subclusters of brain ECs. In addition to observing an arterial-venous continuum, the authors found evidence for further functional subspecialization within subclusters. For example, a subcluster of arterial ECs displayed selective expression of genes implicated in growth factor dependent remodeling, such as matrix gla protein (Mgp), fibulin 5 (Fbln5), elastin (Eln), insulin-like growth factor binding protein 4 (Igfbp4), and clusterin (Clu). Other processes, such as host immunity or interferon signaling, showed similar expression across vessel types (Saunders et al., 2018).

In the early postnatal brain vasculature, others have demonstrated six EC clusters or subtypes—including arterial, capillary-arterial, capillary-venous, venous, mitotic, and tip cells (Sabbagh et al., 2018). Angiogenic cues specify some endothelial cells to become tip cells—which are motile and able to navigate through tissues. These are followed by less motile stalk ECs which maintain connections with the preexisting vasculature (Hasan et al., 2017; Pitulescu et al., 2017). scRNAseq has shown tip cells are enriched for transcripts encoding membrane or secreted proteins—including ion channels, cell adhesion proteins, receptor tyrosine kinases, extracellular matrix proteins, and other signaling molecules (Sabbagh et al., 2018). Lineage tracing demonstrated that tip cells are more closely related to arterial than venous ECs (Sabbagh et al., 2018). During angiogenesis, proliferating cells have recently been shown to arise from veins (Xu et al., 2014). Consistent with this, shared expression patterns are observed between mitotic, capillary venous, and venous ECs (Sabbagh et al., 2018).

Regional variability has also been reported in the brain EC transcriptome. For example, brain EC expression of transporter genes was upregulated in arterial, capillary, and venous ECs, but not in choroid plexus (Kalucka et al., 2020). Consistent with their fenestrated morphology, there were also selective upregulation in high permeability genes—such as Plvap (Kalucka et al., 2020). Other studies have shown similar relative abundances of EC subtypes across 9 distinct brain regions—including the frontal cortex, posterior cortex, hippocampus, striatum, thalamus, globus pallidus externus, and nucleus basalis, subthalamic nucleus, substantia nigra, and ventral tegmental area, and cerebellum (Saunders et al., 2018). Other targeted scRNA approaches geared toward the neuronal-stem cell enriched subventricular zone show EC expression of certain stem cell markers—such as prominin 1 (Prom1) and nestin (Nes) (Zywitza et al., 2018).



Mural Cells

RNAseq experiments have confirmed a number of transcriptomic differences between vSMCs and PCs (Zeisel et al., 2015; He et al., 2016; Chasseigneaux et al., 2018; Saunders et al., 2018; Vanlandewijck et al., 2018). For example, arteriolar vSMCs show enrichment in gene products involved in pathways mediating cell contractility, vascular remodeling, and responses to hypoxia or oxidative stress, whereas mid-capillary PCs are enriched for immune regulatory processes and responses to viruses or toxic substances (Chasseigneaux et al., 2018). Early scRNAseq studies distinguished vSMCs from PCs based on expression of the contractile protein smooth muscle α-actin (Acta2) (Zeisel et al., 2015). In contrast to ECs, a more recent scRNAseq study has suggested a punctuated continuum for mural cells with an abrupt transition between arterial/arteriolar vSMCs and PCs. However, PCs appear to form a transcriptional continuum with venous vSMCs (Vanlandewijck et al., 2018). This study also demonstrated differences in expression between arterial and venous vSMCs, such as levels of calponin-1 (Cnn1), Acta2, and smooth muscle protein 22-α (Tagln) (Vanlandewijck et al., 2018). With different scRNAseq methodologies, others have shown even greater mural size diversity and identified seven distinct subpopulations (Saunders et al., 2018). These approaches have identified specific markers for brain PCs in rodents—such as ATP binding cassette subfamily C member 9 (Abcc9), gamma-glutamyltransferase 1 (Ggt1), potassium inwardly rectifying channel subfamily J member 8 (Kcnj8), vitronectin (vtn) and interferon-induced transmembrane protein 1 (Ifitm1) (He et al., 2016; Chasseigneaux et al., 2018; Vanlandewijck et al., 2018), and have found differences in brain PCs in comparison to other organs—such as enrichment in SLC, ABC, and ATP transporters (He et al., 2018; Vanlandewijck et al., 2018).

Many scRNAseq studies have not found transcriptionally distinct brain PC subtypes as supported by morphologic studies (Saunders et al., 2018; Vanlandewijck et al., 2018). A more recent scRNAseq mouse brain atlas has shown three distinct PC populations which vary in relative abundance across brain regions (Zeisel et al., 2018). Techniques—such as fluorescent activated cell sorting—have supported molecularly distinct PC subtypes based on transmembrane protein expression (Park et al., 2016). Others have shown that another subpopulation of brain PCs express the gap junction protein connexin 30 (Mazare et al., 2018). A separate group has classified PCs into two subtypes—type A and type B subtypes—based on expression of Pdgfrα, Pdgfrβ, Anpep, desmin (Des) and αSMA (Goritz et al., 2011). Type A PCs have been shown to form scars after spinal cord and/or brain injury (Goritz et al., 2011; Birbrair et al., 2014; Dias et al., 2018). However, some have suggested that this classification are not distinct PC populations, but rather more newly defined PVFBs (Soderblom et al., 2013; Vanlandewijck et al., 2018). These studies support distinct subpopulations of brain pericytes. However, future studies are need to more completely characterize regulatory mechanisms contributing to pericyte diversity.



Perivascular Fibroblast-Like Cells

scRNAseq first identified 2 PVFBs subpopulations defined by expression of collagens [e.g., collagen type I alpha 1 chain (Col1a1) and collagen type I alpha 2 chain (Col1a2)], lumican (Lum), decorin (Dcn), and Pdgfrα (Vanlandewijck et al., 2018). With newer droplet-based scRNAseq, up to 7 distinct subtypes have been identified (Saunders et al., 2018). Two subclusters were enriched in membrane transporters and pumps, while others showed higher levels in collagen genes or different extracellular matrix proteins, angiogenesis, and contraction (Saunders et al., 2018). This suggests possible functional subspecialization which has been shown to vary regionally. PVFBs enriched for membrane transport functions and collagen expression were observed with higher relative abundance in the hippocampus/cortex and basal ganglia/thalamus, respectively (Saunders et al., 2018). Others have shown PVFBs are transcriptionally similar to populations of vascular leptomeningeal cells (pial and arachnoid cells) that reside in the meninges (Marques et al., 2016; DeSisto et al., 2020). Expression of the cytokine interleukin 33 (Il33) and the prostaglandin D2 synthetase (Ptgds) and markers of pial, arachnoid, and dural meningeal fibroblasts, may also help distinguish between PVFBs subpopulations located in the brain vs. fibroblasts in the meninges (Zeisel et al., 2018; DeSisto et al., 2020). Both Col1a1-positive and Rgs5-positive populations of mural cells representing PVFBs and PCs, respectively, can sense inflammatory stimuli and signal to the brain through C–C motif chemokine ligand 2 (Ccl2) (Duan et al., 2018). Apart from this study, however, the functional significance of this heterogeneity has yet to be defined and future studies are needed.



Perivascular Macrophages

PVMs are transcriptionally closely related to microglial, but may be distinguished by expression of mannose receptor C-type 1 (Mrc, encodes CD206) and lymphatic vessel endothelial hyaluronan receptor 1 (Lyve1) or Cd36 (Zeisel et al., 2015; Goldmann et al., 2016). Some have shown that expression of LYL1 basic helix-loop-helix family member (Lyl1) and Spi-C transcription factor (Spic) were specific to PVMs in the brain (Zeisel et al., 2015). Others have distinguished CNS-associated macrophages from peripheral immune cells through an absence of α4-integrin (Itga4) and Cd44 (Butovsky et al., 2012; Ajami et al., 2018; Jordao et al., 2019; Kierdorf et al., 2019).

Profiling of all CNS-associated macrophage populations—perivascular, meningeal, and choroid plexus, demonstrates three transcriptionally distinct clusters which share a core signature consisting of Mrc1, platelet factor 4 (Pf4), membrane-spanning four domains subfamily A member 7 (Ms4a7), stabilin 1 (Stab1), and carbonyl reductase 2 (Cbr2) (Jordao et al., 2019). Other distinct PVM subclasses have also been defined in neuroinflammation—such as expression of antigen-presenting MHC class II molecules (Jordao et al., 2019). Other brain inflammatory cells—such as microglia—are transcriptional similar across brain regions in adults but display added heterogeneity in different developmental periods (Li et al., 2019). Whether regional or context-dependent heterogeneity exists specifically within PVMs has yet to be reported.



Astrocytes

Astrocyte heterogeneity has been identified both morphologically and transcriptionally (Bayraktar et al., 2014). For example, fibrous astrocytes of the white matter more highly express glial fibrillary acidic protein (Gfap) than protoplasmic astrocytes of cortical gray matter (Cahoy et al., 2008). Early scRNA seq experiments transcriptional defined two separate populations of cortical astrocytes distinguished by expression of glial fibrillary acidic protein (Gfap) and milk fat globule-EGF factor 8 protein (Mfge8) (Zeisel et al., 2015). A more recent scRNAseq study in the cortex and hippocampus has identified 5 transcriptionally distinct astrocyte subtypes in adult rodents (Batiuk et al., 2020). Each with a unique spatial distribution, and with some exceptions roughly coincide with morphologically defined subtypes (Lanjakornsiripan et al., 2018). Others have similarly supported the presence of five molecularly distinct astrocytes with different techniques—such as fluorescence-activated cell sorting (John Lin et al., 2017).

With inclusion of additional brain regions, others have found seven distinct subtypes of astrocytes with scRNAseq—including Bergmann glia of the cerebellum, olfactory-specific astrocytes, two telencephalon specific astrocytes, two non-telencephalon astrocytes, and a myocilin (Myoc) expressing astrocyte of the dorsal midbrain (Zeisel et al., 2018). Expression of Mfge8 and angiotensinogen (Agt) sharply distinguished astrocytes from the telencephalon and diencephalon (Zeisel et al., 2018). Others have defined further regionally distinct astrocyte subtypes in other CNS regions—such as the spinal cord and retina (Hochstim et al., 2008; Menon et al., 2019). Additional astrocytic transcriptional heterogeneity has also been identified within cytoarchitecturally defined brain subregions. For example, laminar spatial gene expression is observed within astrocytes from distinct cortical layers which also varies between functionally distinct regions of cortex (Bayraktar et al., 2020). With emerging sequencing technologies it is therefore likely additional astrocyte subtypes will be defined. How different transcriptional diversity of astrocytes influences vascular interactions has yet to be systematically studied.



DISCUSSION AND FUTURE DIRECTIONS

Advances in scRNAseq technology have identified heterogeneity within cells comprising the brain vasculature beyond what can be seen with a microscope. The functional significance of transcriptomic variation has been implied based on enriched signaling or ontologic pathways. Future studies with subtype specific enhancer constructs and/or viruses are needed to directly understand the functional delineation of cell subtypes (Blankvoort et al., 2018; Nott et al., 2019). Platforms to survey the function of vascular cells are also lacking. While organoids have rapidly increased in popularity to study neuronal brain cell types, these “mini-brains” have only been vascularized with ECs from other organs to date and further lack blood flow (Khakipoor et al., 2020). Regulatory mechanism responsible for the genesis or maintenance of transcriptomic diversity in the context of brain vascular cells is also presently poorly defined. Only a single report has described epigenetic regulatory mechanisms in brain ECs (Sabbagh et al., 2018). Studies have supported that signaling from neighboring glia and neurons contribute to brain specific transcriptomic networks (Hupe et al., 2017; Sabbagh et al., 2018; Jambusaria et al., 2020; Kalucka et al., 2020). Alterations in blood flow-induced wall shear stress may lead to further transcriptional augmentation and in part help delineate cells along the arterial-venous axis (Masumura et al., 2009; Vatine et al., 2019). However, the relative contributions of flow-mediated biomechanical properties, circulating blood cells, and/or brain parenchyma to these observations is presently unknown.

Much of the variation of brain vasculature has been defined in rodents. Whether further diversity is seen in other species—such as humans—is also presently unknown. A number of studies have described alterations of vascular cells in neurovascular disorders—such as neurodegenerative diseases (Alzheimer’s disease and amyotrophic lateral sclerosis), intracerebral hemorrhage, and vascular malformations (Goritz et al., 2011; Winkler et al., 2011, 2013, 2014b, 2015, 2018; Dias et al., 2018; Montagne et al., 2018; Sweeney et al., 2018; Ratelade et al., 2020). How vascular cell heterogeneity is altered in diseases affecting the cerebrovasculature has yet to be defined, and continued efforts are also needed to create in vitro human models which retain vascular cell diversity are needed to facilitate disease modeling.



AUTHOR CONTRIBUTIONS

JR, CK, and EW designed the review outline, performed the literature search, and wrote the manuscript. DA, EC, KN, DC, AA, and TN provided the critical reviews, revised the manuscript, and provided relevant edits. All authors contributed to the article and approved the submitted version.



FUNDING

The work of EW was supported by a Brain Vascular Malformation Consortium (BVMC) Pilot Feasibility Project Grant and Brain Aneurysm Foundation grant. The BVMC (U54NS065705) was a part of the NCATS Rare Diseases Clinical Research Network (RDCRN) and was supported by the RDCRN Data Management and Coordinating Center (DMCC) (U2CTR002818). RDCRN was an initiative of the Office of Rare Diseases Research (ORDR), NCATS, funded through a collaboration between NCATS and NINDS.



REFERENCES

Abbott, N. J., Ronnback, L., and Hansson, E. (2006). Astrocyte-endothelial interactions at the blood-brain barrier. Nat. Rev. Neurosci. 7, 41–53. doi: 10.1038/nrn1824

Ajami, B., Samusik, N., Wieghofer, P., Ho, P. P., Crotti, A., Bjornson, Z., et al. (2018). Single-cell mass cytometry reveals distinct populations of brain myeloid cells in mouse neuroinflammation and neurodegeneration models. Nat. Neurosci. 21, 541–551. doi: 10.1038/s41593-018-0100-x

Aldea, R., Weller, R. O., Wilcock, D. M., Carare, R. O., and Richardson, G. (2019). Cerebrovascular smooth muscle cells as the drivers of intramural periarterial drainage of the brain. Front. Aging Neurosci. 11:1. doi: 10.3389/fnagi.2019.00001

Ando, Y., Okada, H., Takemura, G., Suzuki, K., Takada, C., Tomita, H., et al. (2018). Brain-specific ultrastructure of capillary endothelial glycocalyx and its possible contribution for blood brain barrier. Sci. Rep. 8:17523.

Andreone, B. J., Chow, B. W., Tata, A., Lacoste, B., Ben-Zvi, A., Bullock, K., et al. (2017). Blood-brain barrier permeability is regulated by lipid transport-dependent suppression of caveolae-mediated transcytosis. Neuron 94, 581–594.e5.

Arango-Lievano, M., Boussadia, B., De Terdonck, L. D. T., Gault, C., Fontanaud, P., Lafont, C., et al. (2018). Topographic reorganization of cerebrovascular mural cells under seizure conditions. Cell Rep. 23, 1045–1059. doi: 10.1016/j.celrep.2018.03.110

Armulik, A., Genove, G., Mae, M., Nisancioglu, M. H., Wallgard, E., Niaudet, C., et al. (2010). Pericytes regulate the blood-brain barrier. Nature 468, 557–561.

Augustin, H. G., and Koh, G. Y. (2017). Organotypic vasculature: from descriptive heterogeneity to functional pathophysiology. Science 357:eaal2379. doi: 10.1126/science.aal2379

Banks, W. A. (2009). Characteristics of compounds that cross the blood-brain barrier. BMC Neurol. 9, (Suppl. 1):S3. doi: 10.1186/1471-2377-9-S1-S3

Batiuk, M. Y., Martirosyan, A., Wahis, J., De Vin, F., Marneffe, C., Kusserow, C., et al. (2020). Identification of region-specific astrocyte subtypes at single cell resolution. Nat. Commun. 11:1220.

Bayraktar, O. A., Bartels, T., Holmqvist, S., Kleshchevnikov, V., Martirosyan, A., Polioudakis, D., et al. (2020). Astrocyte layers in the mammalian cerebral cortex revealed by a single-cell in situ transcriptomic map. Nat. Neurosci. 23, 500–509. doi: 10.1038/s41593-020-0602-1

Bayraktar, O. A., Fuentealba, L. C., Alvarez-Buylla, A., and Rowitch, D. H. (2014). Astrocyte development and heterogeneity. Cold Spring Harb. Perspect. Biol. 7:a020362. doi: 10.1101/cshperspect.a020362

Bell, R. D., Winkler, E. A., Sagare, A. P., Singh, I., Larue, B., Deane, R., et al. (2010). Pericytes control key neurovascular functions and neuronal phenotype in the adult brain and during brain aging. Neuron 68, 409–427. doi: 10.1016/j.neuron.2010.09.043

Ben-Zvi, A., Lacoste, B., Kur, E., Andreone, B. J., Mayshar, Y., Yan, H., et al. (2014). Mfsd2a is critical for the formation and function of the blood-brain barrier. Nature 509, 507–511. doi: 10.1038/nature13324

Berthiaume, A. A., Grant, R. I., Mcdowell, K. P., Underly, R. G., Hartmann, D. A., Levy, M., et al. (2018). Dynamic remodeling of pericytes in vivo maintains capillary coverage in the adult mouse brain. Cell Rep. 22, 8–16. doi: 10.1016/j.celrep.2017.12.016

Birbrair, A., Zhang, T., Files, D. C., Mannava, S., Smith, T., Wang, Z. M., et al. (2014). Type-1 pericytes accumulate after tissue injury and produce collagen in an organ-dependent manner. Stem Cell Res. Ther. 5:122. doi: 10.1186/scrt512

Blankvoort, S., Witter, M. P., Noonan, J., Cotney, J., and Kentros, C. (2018). Marked diversity of unique cortical enhancers enables neuron-specific tools by enhancer-driven gene expression. Curr. Biol. 28, 2103–2114.e5.

Butovsky, O., Siddiqui, S., Gabriely, G., Lanser, A. J., Dake, B., Murugaiyan, G., et al. (2012). Modulating inflammatory monocytes with a unique microRNA gene signature ameliorates murine ALS. J. Clin. Invest. 122, 3063–3087. doi: 10.1172/jci62636

Cadwell, C. R., Bhaduri, A., Mostajo-Radji, M. A., Keefe, M. G., and Nowakowski, T. J. (2019). Development and arealization of the cerebral cortex. Neuron 103, 980–1004. doi: 10.1016/j.neuron.2019.07.009

Cahoy, J. D., Emery, B., Kaushal, A., Foo, L. C., Zamanian, J. L., Christopherson, K. S., et al. (2008). A transcriptome database for astrocytes, neurons, and oligodendrocytes: a new resource for understanding brain development and function. J. Neurosci. 28, 264–278. doi: 10.1523/jneurosci.4178-07.2008

Cai, C., Fordsmann, J. C., Jensen, S. H., Gesslein, B., Lonstrup, M., Hald, B. O., et al. (2018). Stimulation-induced increases in cerebral blood flow and local capillary vasoconstriction depend on conducted vascular responses. Proc. Natl. Acad. Sci. U.S.A. 115, E5796–E5804.

Campbell, B. C. V., De Silva, D. A., Macleod, M. R., Coutts, S. B., Schwamm, L. H., Davis, S. M., et al. (2019). Ischaemic stroke. Nat. Rev. Dis. Primers 5:70.

Cembrowski, M. S., and Spruston, N. (2019). Heterogeneity within classical cell types is the rule: lessons from hippocampal pyramidal neurons. Nat. Rev. Neurosci. 20, 193–204. doi: 10.1038/s41583-019-0125-5

Chasseigneaux, S., Moraca, Y., Cochois-Guegan, V., Boulay, A. C., Gilbert, A., Le Crom, S., et al. (2018). Isolation and differential transcriptome of vascular smooth muscle cells and mid-capillary pericytes from the rat brain. Sci. Rep. 8:12272.

Chen, B. R., Kozberg, M. G., Bouchard, M. B., Shaik, M. A., and Hillman, E. M. (2014). A critical role for the vascular endothelium in functional neurovascular coupling in the brain. J. Am. Heart Assoc. 3:e000787.

Chow, B. W., and Gu, C. (2017). Gradual suppression of transcytosis governs functional blood-retinal barrier formation. Neuron 93, 1325–1333.e3.

Chow, B. W., Nunez, V., Kaplan, L., Granger, A. J., Bistrong, K., Zucker, H. L., et al. (2020). Caveolae in CNS arterioles mediate neurovascular coupling. Nature 579, 106–110. doi: 10.1038/s41586-020-2026-1

Crisan, M., Yap, S., Casteilla, L., Chen, C. W., Corselli, M., Park, T. S., et al. (2008). A perivascular origin for mesenchymal stem cells in multiple human organs. Cell Stem Cell 3, 301–313. doi: 10.1016/j.stem.2008.07.003

Daneman, R., Zhou, L., Kebede, A. A., and Barres, B. A. (2010). Pericytes are required for blood-brain barrier integrity during embryogenesis. Nature 468, 562–566. doi: 10.1038/nature09513

DeSisto, J., O’rourke, R., Jones, H. E., Pawlikowski, B., Malek, A. D., Bonney, S., et al. (2020). Single-cell transcriptomic analyses of the developing meninges reveal meningeal fibroblast diversity and function. Dev. Cell 54, 43–59.e4.

Dias, D. O., Kim, H., Holl, D., Werne Solnestam, B., Lundeberg, J., Carlen, M., et al. (2018). Reducing pericyte-derived scarring promotes recovery after spinal cord injury. Cell 173, 153–165.e22.

Dore-Duffy, P., Katychev, A., Wang, X., and Van Buren, E. (2006). CNS microvascular pericytes exhibit multipotential stem cell activity. J. Cereb. Blood Flow Metab. 26, 613–624. doi: 10.1038/sj.jcbfm.9600272

Duan, L., Zhang, X. D., Miao, W. Y., Sun, Y. J., Xiong, G., Wu, Q., et al. (2018). PDGFRbeta cells rapidly relay inflammatory signal from the circulatory system to neurons via chemokine CCL2. Neuron 100, 183–200.e8.

Feng, W., Chen, L., Nguyen, P. K., Wu, S. M., and Li, G. (2019). Single cell analysis of endothelial cells identified organ-specific molecular signatures and heart-specific cell populations and molecular features. Front. Cardiovasc. Med. 6:165. doi: 10.3389/fcvm.2019.00165

Fernandez-Klett, F., Offenhauser, N., Dirnagl, U., Priller, J., and Lindauer, U. (2010). Pericytes in capillaries are contractile in vivo, but arterioles mediate functional hyperemia in the mouse brain. Proc. Natl. Acad. Sci. U.S.A. 107, 22290–22295. doi: 10.1073/pnas.1011321108

Filippi, M., Bar-Or, A., Piehl, F., Preziosa, P., Solari, A., Vukusic, S., et al. (2018). Multiple sclerosis. Nat. Rev. Dis. Primers 4:43.

Frosen, J., and Joutel, A. (2018). Smooth muscle cells of intracranial vessels: from development to disease. Cardiovasc. Res. 114, 501–512. doi: 10.1093/cvr/cvy002

Garcia-Lopez, P., Garcia-Marin, V., and Freire, M. (2010). The histological slides and drawings of cajal. Front. Neuroanat. 4:9. doi: 10.3389/neuro.05.009.2010

Garcia-Marques, J., and Lopez-Mascaraque, L. (2013). Clonal identity determines astrocyte cortical heterogeneity. Cereb. Cortex 23, 1463–1472. doi: 10.1093/cercor/bhs134

Ghersi-Egea, J. F., Strazielle, N., Catala, M., Silva-Vargas, V., Doetsch, F., and Engelhardt, B. (2018). Molecular anatomy and functions of the choroidal blood-cerebrospinal fluid barrier in health and disease. Acta Neuropathol. 135, 337–361. doi: 10.1007/s00401-018-1807-1

Goldmann, T., Wieghofer, P., Jordao, M. J., Prutek, F., Hagemeyer, N., Frenzel, K., et al. (2016). Origin, fate and dynamics of macrophages at central nervous system interfaces. Nat. Immunol. 17, 797–805. doi: 10.1038/ni.3423

Goritz, C., Dias, D. O., Tomilin, N., Barbacid, M., Shupliakov, O., and Frisen, J. (2011). A pericyte origin of spinal cord scar tissue. Science 333, 238–242. doi: 10.1126/science.1203165

Grant, R. I., Hartmann, D. A., Underly, R. G., Berthiaume, A. A., Bhat, N. R., and Shih, A. Y. (2019). Organizational hierarchy and structural diversity of microvascular pericytes in adult mouse cortex. J. Cereb. Blood Flow Metab. 39, 411–425. doi: 10.1177/0271678x17732229

Grubb, S., Cai, C., Hald, B. O., Khennouf, L., Murmu, R. P., Jensen, A. G. K., et al. (2020). Precapillary sphincters maintain perfusion in the cerebral cortex. Nat. Commun. 11:395.

Grutzendler, J., and Nedergaard, M. (2019). Cellular control of brain capillary blood flow: in vivo imaging veritas. Trends Neurosci. 42, 528–536. doi: 10.1016/j.tins.2019.05.009

Gu, X., Chen, W., Volkow, N. D., Koretsky, A. P., Du, C., and Pan, Y. (2018). Synchronized astrocytic Ca(2+) responses in neurovascular coupling during somatosensory stimulation and for the resting state. Cell Rep. 23, 3878–3890. doi: 10.1016/j.celrep.2018.05.091

Guimaraes-Camboa, N., Cattaneo, P., Sun, Y., Moore-Morris, T., Gu, Y., Dalton, N. D., et al. (2017). Pericytes of multiple organs do not behave as mesenchymal stem cells in vivo. Cell Stem Cell 20, 345–359.e5.

Gundersen, G. A., Vindedal, G. F., Skare, O., and Nagelhus, E. A. (2014). Evidence that pericytes regulate aquaporin-4 polarization in mouse cortical astrocytes. Brain Struct. Funct. 219, 2181–2186. doi: 10.1007/s00429-013-0629-0

Hall, C. N., Reynell, C., Gesslein, B., Hamilton, N. B., Mishra, A., Sutherland, B. A., et al. (2014). Capillary pericytes regulate cerebral blood flow in health and disease. Nature 508, 55–60. doi: 10.1038/nature13165

Hamilton, N. B., Attwell, D., and Hall, C. N. (2010). Pericyte-mediated regulation of capillary diameter: a component of neurovascular coupling in health and disease. Front. Neuroenergetics 2:5. doi: 10.3389/fnene.2010.00005

Hanske, S., Dyrna, F., Bechmann, I., and Krueger, M. (2017). Different segments of the cerebral vasculature reveal specific endothelial specifications, while tight junction proteins appear equally distributed. Brain Struct. Funct. 222, 1179–1192. doi: 10.1007/s00429-016-1267-0

Hartmann, D. A., Berthiaume, A. A., Grant, R. I., Harrill, S. A., Noonan, T., Costello, J., et al. (2020). Brain capillary pericytes exert a substantial but slow influence on blood flow. bioRxiv [Preprint] doi: 10.1101/2020.03.26.008763

Hartmann, D. A., Underly, R. G., Grant, R. I., Watson, A. N., Lindner, V., and Shih, A. Y. (2015). Pericyte structure and distribution in the cerebral cortex revealed by high-resolution imaging of transgenic mice. Neurophotonics 2:041402. doi: 10.1117/1.nph.2.4.041402

Hasan, S. S., Tsaryk, R., Lange, M., Wisniewski, L., Moore, J. C., Lawson, N. D., et al. (2017). Endothelial Notch signalling limits angiogenesis via control of artery formation. Nat. Cell Biol. 19, 928–940. doi: 10.1038/ncb3574

Hawkes, C. A., and McLaurin, J. (2009). Selective targeting of perivascular macrophages for clearance of beta-amyloid in cerebral amyloid angiopathy. Proc. Natl. Acad. Sci. U.S.A. 106, 1261–1266. doi: 10.1073/pnas.0805453106

He, L., Vanlandewijck, M., Mae, M. A., Andrae, J., Ando, K., Del Gaudio, F., et al. (2018). Single-cell RNA sequencing of mouse brain and lung vascular and vessel-associated cell types. Sci. Data 5:180160.

He, L., Vanlandewijck, M., Raschperger, E., Andaloussi Mae, M., Jung, B., Lebouvier, T., et al. (2016). Analysis of the brain mural cell transcriptome. Sci. Rep. 6:35108.

Hellstrom, M., Gerhardt, H., Kalen, M., Li, X., Eriksson, U., Wolburg, H., et al. (2001). Lack of pericytes leads to endothelial hyperplasia and abnormal vascular morphogenesis. J. Cell Biol. 153, 543–553. doi: 10.1083/jcb.153.3.543

Hill, R. A., Tong, L., Yuan, P., Murikinati, S., Gupta, S., and Grutzendler, J. (2015). Regional blood flow in the normal and ischemic brain is controlled by arteriolar smooth muscle cell contractility and not by capillary pericytes. Neuron 87, 95–110. doi: 10.1016/j.neuron.2015.06.001

Hladky, S. B., and Barrand, M. A. (2018). Elimination of substances from the brain parenchyma: efflux via perivascular pathways and via the blood-brain barrier. Fluids Barriers CNS 15:30.

Hochstim, C., Deneen, B., Lukaszewicz, A., Zhou, Q., and Anderson, D. J. (2008). Identification of positionally distinct astrocyte subtypes whose identities are specified by a homeodomain code. Cell 133, 510–522. doi: 10.1016/j.cell.2008.02.046

Hodge, R. D., Bakken, T. E., Miller, J. A., Smith, K. A., Barkan, E. R., Graybuck, L. T., et al. (2019). Conserved cell types with divergent features in human versus mouse cortex. Nature 573, 61–68.

Horng, S., Therattil, A., Moyon, S., Gordon, A., Kim, K., Argaw, A. T., et al. (2017). Astrocytic tight junctions control inflammatory CNS lesion pathogenesis. J. Clin. Invest. 127, 3136–3151. doi: 10.1172/jci91301

Huang, W., Bai, X., Meyer, E., and Scheller, A. (2020). Acute brain injuries trigger microglia as an additional source of the proteoglycan NG2. Acta Neuropathol. Commun. 8:146.

Hupe, M., Li, M. X., Kneitz, S., Davydova, D., Yokota, C., Kele, J., et al. (2017). Gene expression profiles of brain endothelial cells during embryonic development at bulk and single-cell levels. Sci. Signal. 10:eaag2476.

Iadecola, C. (2017). The neurovascular unit coming of age: a journey through neurovascular coupling in health and disease. Neuron 96, 17–42. doi: 10.1016/j.neuron.2017.07.030

Iliff, J. J., Wang, M., Liao, Y., Plogg, B. A., Peng, W., Gundersen, G. A., et al. (2012). A paravascular pathway facilitates CSF flow through the brain parenchyma and the clearance of interstitial solutes, including amyloid beta. Sci. Transl. Med. 4:147ra111. doi: 10.1126/scitranslmed.3003748

Iliff, J. J., Wang, M., Zeppenfeld, D. M., Venkataraman, A., Plog, B. A., Liao, Y., et al. (2013). Cerebral arterial pulsation drives paravascular CSF-interstitial fluid exchange in the murine brain. J. Neurosci. 33, 18190–18199. doi: 10.1523/jneurosci.1592-13.2013

Jais, A., Solas, M., Backes, H., Chaurasia, B., Kleinridders, A., Theurich, S., et al. (2016). Myeloid-cell-derived VEGF maintains brain glucose uptake and limits cognitive impairment in obesity. Cell 165, 882–895. doi: 10.1016/j.cell.2016.03.033

Jambusaria, A., Hong, Z., Zhang, L., Srivastava, S., Jana, A., Toth, P. T., et al. (2020). Endothelial heterogeneity across distinct vascular beds during homeostasis and inflammation. eLife 9:e51413.

Jammalamadaka, A., Suwannatat, P., Fisher, S. K., Manjunath, B. S., Hollerer, T., and Luna, G. (2015). Characterizing spatial distributions of astrocytes in the mammalian retina. Bioinformatics 31, 2024–2031. doi: 10.1093/bioinformatics/btv097

John Lin, C. C., Yu, K., Hatcher, A., Huang, T. W., Lee, H. K., Carlson, J., et al. (2017). Identification of diverse astrocyte populations and their malignant analogs. Nat. Neurosci. 20, 396–405. doi: 10.1038/nn.4493

Jordao, M. J. C., Sankowski, R., Brendecke, S. M., Sagar, Locatelli, G., Tai, Y. H., et al. (2019). Single-cell profiling identifies myeloid cell subsets with distinct fates during neuroinflammation. Science 363:eaat7554. doi: 10.1126/science.aat7554

Kalucka, J., De Rooij, L., Goveia, J., Rohlenova, K., Dumas, S. J., Meta, E., et al. (2020). Single-cell transcriptome atlas of murine endothelial cells. Cell 180, 764–779.e20.

Karow, M., Camp, J. G., Falk, S., Gerber, T., Pataskar, A., Gac-Santel, M., et al. (2018). Direct pericyte-to-neuron reprogramming via unfolding of a neural stem cell-like program. Nat. Neurosci. 21, 932–940. doi: 10.1038/s41593-018-0168-3

Kelly, K. K., Macpherson, A. M., Grewal, H., Strnad, F., Jones, J. W., Yu, J., et al. (2016). Col1a1+ perivascular cells in the brain are a source of retinoic acid following stroke. BMC Neurosci. 17:49. doi: 10.1186/s12868-016-0284-5

Khakipoor, S., Crouch, E. E., and Mayer, S. (2020). Human organoids to model the developing human neocortex in health and disease. Brain Res. 1742:146803. doi: 10.1016/j.brainres.2020.146803

Kierdorf, K., Masuda, T., Jordao, M. J. C., and Prinz, M. (2019). Macrophages at CNS interfaces: ontogeny and function in health and disease. Nat. Rev. Neurosci. 20, 547–562. doi: 10.1038/s41583-019-0201-x

Kisler, K., Nelson, A. R., Montagne, A., and Zlokovic, B. V. (2017a). Cerebral blood flow regulation and neurovascular dysfunction in Alzheimer disease. Nat. Rev. Neurosci. 18, 419–434. doi: 10.1038/nrn.2017.48

Kisler, K., Nelson, A. R., Rege, S. V., Ramanathan, A., Wang, Y., Ahuja, A., et al. (2017b). Pericyte degeneration leads to neurovascular uncoupling and limits oxygen supply to brain. Nat. Neurosci. 20, 406–416. doi: 10.1038/nn.4489

Kisler, K., Nikolakopoulou, A. M., Sweeney, M. D., Lazic, D., Zhao, Z., and Zlokovic, B. V. (2020). Acute ablation of cortical pericytes leads to rapid neurovascular uncoupling. Front. Cell. Neurosci. 14:27. doi: 10.3389/fncel.2020.00027

Koller, A., and Toth, P. (2012). Contribution of flow-dependent vasomotor mechanisms to the autoregulation of cerebral blood flow. J. Vasc. Res. 49, 375–389. doi: 10.1159/000338747

Kucharz, K., Kristensen, K., Johnsen, K. B., Lund, M. A., Lonstrup, M., Moos, T., et al. (2020). Post-capillary venules is the locus for transcytosis of therapeutic nanoparticles to the brain. bioRxiv [Preprint] doi: 10.1101/2020.06.05.133819

Kutuzov, N., Flyvbjerg, H., and Lauritzen, M. (2018). Contributions of the glycocalyx, endothelium, and extravascular compartment to the blood-brain barrier. Proc. Natl. Acad. Sci. U.S.A. 115, E9429–E9438.

Lanjakornsiripan, D., Pior, B. J., Kawaguchi, D., Furutachi, S., Tahara, T., Katsuyama, Y., et al. (2018). Layer-specific morphological and molecular differences in neocortical astrocytes and their dependence on neuronal layers. Nat. Commun. 9:1623.

Lapenna, A., De Palma, M., and Lewis, C. E. (2018). Perivascular macrophages in health and disease. Nat. Rev. Immunol. 18, 689–702. doi: 10.1038/s41577-018-0056-9

Li, Q., Cheng, Z., Zhou, L., Darmanis, S., Neff, N. F., Okamoto, J., et al. (2019). Developmental heterogeneity of microglia and brain myeloid cells revealed by deep single-cell RNA sequencing. Neuron 101, 207–223.e10.

Louveau, A., Da Mesquita, S., and Kipnis, J. (2016). Lymphatics in neurological disorders: a neuro-lympho-vascular component of multiple sclerosis and Alzheimer’s disease? Neuron 91, 957–973. doi: 10.1016/j.neuron.2016.08.027

Louveau, A., Smirnov, I., Keyes, T. J., Eccles, J. D., Rouhani, S. J., Peske, J. D., et al. (2015). Structural and functional features of central nervous system lymphatic vessels. Nature 523, 337–341. doi: 10.1038/nature14432

Ma, Q., Zhao, Z., Sagare, A. P., Wu, Y., Wang, M., Owens, N. C., et al. (2018). Blood-brain barrier-associated pericytes internalize and clear aggregated amyloid-beta42 by LRP1-dependent apolipoprotein E isoform-specific mechanism. Mol. Neurodegener. 13:57.

Macdonald, J. A., Murugesan, N., and Pachter, J. S. (2010). Endothelial cell heterogeneity of blood-brain barrier gene expression along the cerebral microvasculature. J. Neurosci. Res. 88, 1457–1474.

Marin-Padilla, M. (1995). Prenatal development of fibrous (white matter), protoplasmic (gray matter), and layer I astrocytes in the human cerebral cortex: a Golgi study. J. Comp. Neurol. 357, 554–572. doi: 10.1002/cne.903570407

Marques, S., Zeisel, A., Codeluppi, S., Van Bruggen, D., Mendanha Falcao, A., Xiao, L., et al. (2016). Oligodendrocyte heterogeneity in the mouse juvenile and adult central nervous system. Science 352, 1326–1329. doi: 10.1126/science.aaf6463

Masuda, T., Sankowski, R., Staszewski, O., and Prinz, M. (2020). Microglia heterogeneity in the single-cell era. Cell Rep. 30, 1271–1281. doi: 10.1016/j.celrep.2020.01.010

Masumura, T., Yamamoto, K., Shimizu, N., Obi, S., and Ando, J. (2009). Shear stress increases expression of the arterial endothelial marker ephrinB2 in murine ES cells via the VEGF-Notch signaling pathways. Arterioscler. Thromb. Vasc. Biol. 29, 2125–2131. doi: 10.1161/atvbaha.109.193185

Matias, I., Morgado, J., and Gomes, F. C. A. (2019). Astrocyte heterogeneity: impact to brain aging and disease. Front. Aging Neurosci. 11:59. doi: 10.3389/fnagi.2019.00059

Mazare, N., Gilbert, A., Boulay, A. C., Rouach, N., and Cohen-Salmon, M. (2018). Connexin 30 is expressed in a subtype of mouse brain pericytes. Brain Struct. Funct. 223, 1017–1024. doi: 10.1007/s00429-017-1562-4

McCaslin, A. F., Chen, B. R., Radosevich, A. J., Cauli, B., and Hillman, E. M. (2011). In vivo 3D morphology of astrocyte-vasculature interactions in the somatosensory cortex: implications for neurovascular coupling. J. Cereb. Blood Flow Metab. 31, 795–806. doi: 10.1038/jcbfm.2010.204

Menon, M., Mohammadi, S., Davila-Velderrain, J., Goods, B. A., Cadwell, T. D., Xing, Y., et al. (2019). Single-cell transcriptomic atlas of the human retina identifies cell types associated with age-related macular degeneration. Nat. Commun. 10:4902.

Miller, S. J. (2018). Astrocyte heterogeneity in the adult central nervous system. Front. Cell. Neurosci. 12:401. doi: 10.3389/fncel.2018.00401

Montagne, A., Nikolakopoulou, A. M., Zhao, Z., Sagare, A. P., Si, G., Lazic, D., et al. (2018). Pericyte degeneration causes white matter dysfunction in the mouse central nervous system. Nat. Med. 24, 326–337. doi: 10.1038/nm.4482

Neubauer, S., Hublin, J. J., and Gunz, P. (2018). The evolution of modern human brain shape. Sci. Adv. 4:eaao5961. doi: 10.1126/sciadv.aao5961

Nikolakopoulou, A. M., Montagne, A., Kisler, K., Dai, Z., Wang, Y., Huuskonen, M. T., et al. (2019). Pericyte loss leads to circulatory failure and pleiotrophin depletion causing neuron loss. Nat. Neurosci. 22, 1089–1098. doi: 10.1038/s41593-019-0434-z

Nott, A., Holtman, I. R., Coufal, N. G., Schlachetzki, J. C. M., Yu, M., Hu, R., et al. (2019). Brain cell type-specific enhancer-promoter interactome maps and disease-risk association. Science 366, 1134–1139. doi: 10.1126/science.aay0793

Nowakowski, T. J., Pollen, A. A., Sandoval-Espinosa, C., and Kriegstein, A. R. (2016). Transformation of the radial glia scaffold demarcates two stages of human cerebral cortex development. Neuron 91, 1219–1227. doi: 10.1016/j.neuron.2016.09.005

Nuriya, M., Shinotsuka, T., and Yasui, M. (2013). Diffusion properties of molecules at the blood-brain interface: potential contributions of astrocyte endfeet to diffusion barrier functions. Cereb. Cortex 23, 2118–2126. doi: 10.1093/cercor/bhs198

Oberheim, N. A., Takano, T., Han, X., He, W., Lin, J. H., Wang, F., et al. (2009). Uniquely hominid features of adult human astrocytes. J. Neurosci. 29, 3276–3287. doi: 10.1523/jneurosci.4707-08.2009

Oberheim, N. A., Wang, X., Goldman, S., and Nedergaard, M. (2006). Astrocytic complexity distinguishes the human brain. Trends Neurosci. 29, 547–553. doi: 10.1016/j.tins.2006.08.004

O’Brown, N. M., Pfau, S. J., and Gu, C. (2018). Bridging barriers: a comparative look at the blood-brain barrier across organisms. Genes Dev. 32, 466–478. doi: 10.1101/gad.309823.117

Ozen, I., Deierborg, T., Miharada, K., Padel, T., Englund, E., Genove, G., et al. (2014). Brain pericytes acquire a microglial phenotype after stroke. Acta Neuropathol. 128, 381–396. doi: 10.1007/s00401-014-1295-x

Park, T. I., Feisst, V., Brooks, A. E., Rustenhoven, J., Monzo, H. J., Feng, S. X., et al. (2016). Cultured pericytes from human brain show phenotypic and functional differences associated with differential CD90 expression. Sci. Rep. 6:26587.

Peppiatt, C. M., Howarth, C., Mobbs, P., and Attwell, D. (2006). Bidirectional control of CNS capillary diameter by pericytes. Nature 443, 700–704. doi: 10.1038/nature05193

Pitulescu, M. E., Schmidt, I., Giaimo, B. D., Antoine, T., Berkenfeld, F., Ferrante, F., et al. (2017). Dll4 and Notch signalling couples sprouting angiogenesis and artery formation. Nat. Cell Biol. 19, 915–927. doi: 10.1038/ncb3555

Rajan, A. M., Ma, R. C., Kocha, K. M., Zhang, D. J., and Huang, P. (2020). Dual function of perivascular fibroblasts in vascular stabilization in zebrafish. bioRxiv [Preprint] doi: 10.1101/2020.04.27.063792

Rasmussen, M. K., Mestre, H., and Nedergaard, M. (2018). The glymphatic pathway in neurological disorders. Lancet Neurol. 17, 1016–1024. doi: 10.1016/s1474-4422(18)30318-1

Ratelade, J., Klug, N. R., Lombardi, D., Angelim, M., Dabertrand, F., Domenga-Denier, V., et al. (2020). Reducing hypermuscularization of the transitional segment between arterioles and capillaries protects against spontaneous intracerebral hemorrhage. Circulation 141, 2078–2094. doi: 10.1161/circulationaha.119.040963

Rustenhoven, J., Jansson, D., Smyth, L. C., and Dragunow, M. (2017). Brain pericytes as mediators of neuroinflammation. Trends Pharmacol. Sci. 38, 291–304. doi: 10.1016/j.tips.2016.12.001

Sabbagh, M. F., Heng, J. S., Luo, C., Castanon, R. G., Nery, J. R., Rattner, A., et al. (2018). Transcriptional and epigenomic landscapes of CNS and non-CNS vascular endothelial cells. eLife 7:e36187.

Sagare, A. P., Bell, R. D., Zhao, Z., Ma, Q., Winkler, E. A., Ramanathan, A., et al. (2013). Pericyte loss influences Alzheimer-like neurodegeneration in mice. Nat. Commun. 4:2932.

Sakuma, R., Kawahara, M., Nakano-Doi, A., Takahashi, A., Tanaka, Y., Narita, A., et al. (2016). Brain pericytes serve as microglia-generating multipotent vascular stem cells following ischemic stroke. J. Neuroinflammation 13:57.

Saunders, A., Macosko, E. Z., Wysoker, A., Goldman, M., Krienen, F. M., De Rivera, H., et al. (2018). Molecular diversity and specializations among the cells of the adult mouse brain. Cell 174, 1015–1030.e16.

Serrats, J., Schiltz, J. C., Garcia-Bueno, B., Van Rooijen, N., Reyes, T. M., and Sawchenko, P. E. (2010). Dual roles for perivascular macrophages in immune-to-brain signaling. Neuron 65, 94–106. doi: 10.1016/j.neuron.2009.11.032

Shiraishi, T., Sakaki, S., and Uehara, Y. (1986). Architecture of the media of the arterial vessels in the dog brain: a scanning electron-microscopic study. Cell Tissue Res. 243, 329–335.

Smyth, L. C. D., Rustenhoven, J., Scotter, E. L., Schweder, P., Faull, R. L. M., Park, T. I. H., et al. (2018). Markers for human brain pericytes and smooth muscle cells. J. Chem. Neuroanat. 92, 48–60. doi: 10.1016/j.jchemneu.2018.06.001

Soderblom, C., Luo, X., Blumenthal, E., Bray, E., Lyapichev, K., Ramos, J., et al. (2013). Perivascular fibroblasts form the fibrotic scar after contusive spinal cord injury. J. Neurosci. 33, 13882–13887. doi: 10.1523/jneurosci.2524-13.2013

Sweeney, M. D., Kisler, K., Montagne, A., Toga, A. W., and Zlokovic, B. V. (2018). The role of brain vasculature in neurodegenerative disorders. Nat. Neurosci. 21, 1318–1331. doi: 10.1038/s41593-018-0234-x

Sweeney, M. D., Zhao, Z., Montagne, A., Nelson, A. R., and Zlokovic, B. V. (2019). Blood-brain barrier: from physiology to disease and back. Physiol. Rev. 99, 21–78. doi: 10.1152/physrev.00050.2017

Tasic, B., Yao, Z., Graybuck, L. T., Smith, K. A., Nguyen, T. N., Bertagnolli, D., et al. (2018). Shared and distinct transcriptomic cell types across neocortical areas. Nature 563, 72–78.

Thomsen, M. S., Routhe, L. J., and Moos, T. (2017). The vascular basement membrane in the healthy and pathological brain. J. Cereb. Blood Flow Metab. 37, 3300–3317. doi: 10.1177/0271678x17722436

Tjakra, M., Wang, Y., Vania, V., Hou, Z., Durkan, C., Wang, N., et al. (2019). Overview of crosstalk between multiple factor of transcytosis in blood brain barrier. Front. Neurosci. 13:1436. doi: 10.3389/fnins.2019.01436

Tsai, P. S., Kaufhold, J. P., Blinder, P., Friedman, B., Drew, P. J., Karten, H. J., et al. (2009). Correlations of neuronal and microvascular densities in murine cortex revealed by direct counting and colocalization of nuclei and vessels. J. Neurosci. 29, 14553–14570. doi: 10.1523/jneurosci.3287-09.2009

Uemura, M. T., Maki, T., Ihara, M., Lee, V. M. Y., and Trojanowski, J. Q. (2020). Brain microvascular pericytes in vascular cognitive impairment and dementia. Front. Aging Neurosci. 12:80. doi: 10.3389/fnagi.2020.00080

Uhlirova, H., Kilic, K., Tian, P., Thunemann, M., Desjardins, M., Saisan, P. A., et al. (2016). Cell type specificity of neurovascular coupling in cerebral cortex. eLife 5:e14315.

Utz, S. G., See, P., Mildenberger, W., Thion, M. S., Silvin, A., Lutz, M., et al. (2020). Early fate defines microglia and non-parenchymal brain macrophage development. Cell 181, 557–573.e18.

Vanlandewijck, M., He, L., Mae, M. A., Andrae, J., Ando, K., Del Gaudio, F., et al. (2018). A molecular atlas of cell types and zonation in the brain vasculature. Nature 554, 475–480. doi: 10.1038/nature25739

Vatine, G. D., Barrile, R., Workman, M. J., Sances, S., Barriga, B. K., Rahnama, M., et al. (2019). Human iPSC-derived blood-brain barrier chips enable disease modeling and personalized medicine applications. Cell Stem Cell 24, 995–1005.e6.

Wardlaw, J. M., Benveniste, H., Nedergaard, M., Zlokovic, B. V., Mestre, H., Lee, H., et al. (2020). Perivascular spaces in the brain: anatomy, physiology and pathology. Nat. Rev. Neurol. 16, 137–153.

Willis, C. L., Garwood, C. J., and Ray, D. E. (2007). A size selective vascular barrier in the rat area postrema formed by perivascular macrophages and the extracellular matrix. Neuroscience 150, 498–509. doi: 10.1016/j.neuroscience.2007.09.023

Winkler, E. A., Bell, R. D., and Zlokovic, B. V. (2010). Pericyte-specific expression of PDGF beta receptor in mouse models with normal and deficient PDGF beta receptor signaling. Mol. Neurodegener. 5:32. doi: 10.1186/1750-1326-5-32

Winkler, E. A., Bell, R. D., and Zlokovic, B. V. (2011). Central nervous system pericytes in health and disease. Nat. Neurosci. 14, 1398–1405. doi: 10.1038/nn.2946

Winkler, E. A., Birk, H., Burkhardt, J. K., Chen, X., Yue, J. K., Guo, D., et al. (2018). Reductions in brain pericytes are associated with arteriovenous malformation vascular instability. J. Neurosurg. 129, 1464–1474. doi: 10.3171/2017.6.jns17860

Winkler, E. A., Lu, A. Y., Raygor, K. P., Linzey, J. R., Jonzzon, S., Lien, B. V., et al. (2019). Defective vascular signaling & prospective therapeutic targets in brain arteriovenous malformations. Neurochem. Int. 126, 126–138.

Winkler, E. A., Nishida, Y., Sagare, A. P., Rege, S. V., Bell, R. D., Perlmutter, D., et al. (2015). GLUT1 reductions exacerbate Alzheimer’s disease vasculo-neuronal dysfunction and degeneration. Nat. Neurosci. 18, 521–530. doi: 10.1038/nn.3966

Winkler, E. A., Rutledge, W. C., Kalani, M. Y. S., and Rolston, J. D. (2017). Pericytes regulate cerebral blood flow and neuronal health at a capillary level. Neurosurgery 81, N37–N38.

Winkler, E. A., Sagare, A. P., and Zlokovic, B. V. (2014a). The pericyte: a forgotten cell type with important implications for Alzheimer’s disease? Brain Pathol. 24, 371–386. doi: 10.1111/bpa.12152

Winkler, E. A., Sengillo, J. D., Sagare, A. P., Zhao, Z., Ma, Q., Zuniga, E., et al. (2014b). Blood-spinal cord barrier disruption contributes to early motor-neuron degeneration in ALS-model mice. Proc. Natl. Acad. Sci. U.S.A. 111, E1035–E1042.

Winkler, E. A., Sengillo, J. D., Bell, R. D., Wang, J., and Zlokovic, B. V. (2012). Blood-spinal cord barrier pericyte reductions contribute to increased capillary permeability. J. Cereb. Blood Flow Metab. 32, 1841–1852. doi: 10.1038/jcbfm.2012.113

Winkler, E. A., Sengillo, J. D., Sullivan, J. S., Henkel, J. S., Appel, S. H., and Zlokovic, B. V. (2013). Blood-spinal cord barrier breakdown and pericyte reductions in amyotrophic lateral sclerosis. Acta Neuropathol. 125, 111–120. doi: 10.1007/s00401-012-1039-8

Xu, C., Hasan, S. S., Schmidt, I., Rocha, S. F., Pitulescu, M. E., Bussmann, J., et al. (2014). Arteries are formed by vein-derived endothelial tip cells. Nat. Commun. 5:5758.

Yang, T., Guo, R., and Zhang, F. (2019). Brain perivascular macrophages: recent advances and implications in health and diseases. CNS Neurosci. Ther. 25, 1318–1328. doi: 10.1111/cns.13263

Yao, Y., Chen, Z. L., Norris, E. H., and Strickland, S. (2014). Astrocytic laminin regulates pericyte differentiation and maintains blood brain barrier integrity. Nat. Commun. 5:3413.

Zeisel, A., Hochgerner, H., Lonnerberg, P., Johnsson, A., Memic, F., Van Der Zwan, J., et al. (2018). Molecular architecture of the mouse nervous system. Cell 174, 999–1014.e22.

Zeisel, A., Munoz-Manchado, A. B., Codeluppi, S., Lonnerberg, P., La Manno, G., Jureus, A., et al. (2015). Brain structure. Cell types in the mouse cortex and hippocampus revealed by single-cell RNA-seq. Science 347, 1138–1142. doi: 10.1126/science.aaa1934

Zenker, D., Begley, D., Bratzke, H., Rubsamen-Waigmann, H., and Von Briesen, H. (2003). Human blood-derived macrophages enhance barrier function of cultured primary bovine and human brain capillary endothelial cells. J. Physiol. 551, 1023–1032. doi: 10.1113/jphysiol.2003.045880

Zhao, Z., Nelson, A. R., Betsholtz, C., and Zlokovic, B. V. (2015). Establishment and dysfunction of the blood-brain barrier. Cell 163, 1064–1078. doi: 10.1016/j.cell.2015.10.067

Zywitza, V., Misios, A., Bunatyan, L., Willnow, T. E., and Rajewsky, N. (2018). Single-cell transcriptomics characterizes cell types in the subventricular zone and uncovers molecular defects impairing adult neurogenesis. Cell Rep. 25, 2457–2469.e8.


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Ross, Kim, Allen, Crouch, Narsinh, Cooke, Abla, Nowakowski and Winkler. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.








 


	
	
BRIEF RESEARCH REPORT
 published: 10 December 2020
 doi: 10.3389/fphys.2020.611884






[image: image2]

Heterogeneity of Sensory-Induced Astrocytic Ca2+ Dynamics During Functional Hyperemia

Kushal Sharma1, Grant R. J. Gordon2 and Cam Ha T. Tran1*


1Department of Physiology and Cell Biology, Center for Molecular and Cellular Signaling in the Cardiovascular System, University of Nevada, Reno School of Medicine, Reno, NV, United States

2Department of Physiology and Pharmacology, School of Medicine, Hotchkiss Brain Institute, University of Calgary, Calgary, AB, Canada

Edited by:
 Fabrice Dabertrand, University of Colorado School of Medicine, United States

Reviewed by:
 Andy Shih, Seattle Children’s Research Institute, United States
 William F. Jackson, Michigan State University, United States

*Correspondence: Cam Ha T. Tran, camt@unr.edu 

Specialty section: This article was submitted to Vascular Physiology, a section of the journal Frontiers in Physiology


Received: 29 September 2020
 Accepted: 24 November 2020
 Published: 10 December 2020

Citation: Sharma K, Gordon GRJ and Tran CHT (2020) Heterogeneity of Sensory-Induced Astrocytic Ca2+ Dynamics During Functional Hyperemia. Front. Physiol. 11:611884. doi: 10.3389/fphys.2020.611884
 

Astrocytic Ca2+ fluctuations associated with functional hyperemia have typically been measured from large cellular compartments such as the soma, the whole arbor and the endfoot. The most prominent Ca2+ event is a large magnitude, delayed signal that follows vasodilation. However, previous work has provided little information about the spatio-temporal properties of such Ca2+ transients or their heterogeneity. Here, using an awake, in vivo two-photon fluorescence-imaging model, we performed detailed profiling of delayed astrocytic Ca2+ signals across astrocytes or within individual astrocyte compartments using small regions of interest next to penetrating arterioles and capillaries along with vasomotor responses to vibrissae stimulation. We demonstrated that while a 5-s air puff that stimulates all whiskers predominantly generated reproducible functional hyperemia in the presence or absence of astrocytic Ca2+ changes, whisker stimulation inconsistently produced astrocytic Ca2+ responses. More importantly, these Ca2+ responses were heterogeneous among subcellular structures of the astrocyte and across different astrocytes that resided within the same field of view. Furthermore, we found that whisker stimulation induced discrete Ca2+ “hot spots” that spread regionally within the endfoot. These data reveal that astrocytic Ca2+ dynamics associated with the microvasculature are more complex than previously thought, and highlight the importance of considering the heterogeneity of astrocytic Ca2+ activity to fully understanding neurovascular coupling.
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INTRODUCTION

Functional hyperemia is a fundamental control mechanism that provides a rapid local increase in blood flow in response to increased neuronal activity. It is well established that neurotransmission can directly affect the vasculature through innervation (Hamel, 2006; Schummers et al., 2008; Nimmerjahn et al., 2009) or through neuromodulators (Bekar et al., 2008; Takata et al., 2011; Ding et al., 2013; Paukert et al., 2014). These processes are critical in cerebral blood flow (CBF) regulation and serve to ensure that the blood supply matches temporally and spatially changing metabolic demands of neurons. It has been proposed that astrocytes are mediators that relay neuronal information to the vasculature – perhaps on slower timescales – helping to control vessel diameter in addition to neurons and, in turn, regulate blood flow (Zonta et al., 2003; Mulligan and MacVicar, 2004; Straub and Nelson, 2007; Gordon et al., 2008). Our previous study has reported that the delayed astrocytic endfoot Ca2+ signal is mediated by both neurons and vasculature, suggesting a complex interplay between multiple mechanisms that must temporally and spatially coincide to cause a large activation of endfeet. This intriguing finding necessitates further detailed analysis of endfoot Ca2+ dynamics to gain insights into their contributions to functional hyperemia (Tran et al., 2018).

The work performed on ex vivo brain slice preparations has shown that increases in cytosolic Ca2+ concentration [(Ca2+)], produced by uncaging caged Ca2+ compounds (Mulligan and MacVicar, 2004; Straub et al., 2006) or through neuronal stimulation (Simard et al., 2003; Zonta et al., 2003; Gordon et al., 2008), are critical mediators of functional hyperemia, suggesting that activity-dependent vascular changes are facilitated by an astrocyte-mediated Ca2+-dependent process. Some in vivo two-photon imaging studies in anesthetized animals have provided support for this notion, demonstrating rapid astrocytic Ca2+ transients followed by vasodilation (Winship et al., 2007; Lind et al., 2013, 2018) or an increase in red blood cell (RBC) velocity (Otsu et al., 2015) in various regions of the cerebral cortex in response to sensory stimuli. However, other in vivo studies in anesthetized or slightly sedated animals have provided evidence that functional hyperemia can be achieved in the absence of astrocytic Ca2+ increases (Schulz et al., 2012; Takata et al., 2013; Bonder and McCarthy, 2014), or precedes the occasional astrocyte Ca2+ transients (Nizar et al., 2013). In awake, resting animals using astrocyte AAV lck-GCaMP6f tools, whisker stimulation triggered both a fast and slow Ca2+ signals during functional hyperemia (Stobart et al., 2018a). Our own work in awake and active animals using astrocyte Rhod-2 AM, GCaMP3, or GCaMP6s, revealed that whisker stimulation elicited large astrocytic Ca2+ signals that followed rather than preceded vasodilation (Tran et al., 2018). Remarkably, these astrocytic endfoot Ca2+ events were mediated by both glutamatergic transmission and vascular-derived nitric oxide. These data signify that astrocytic Ca2+ dynamics and its contributions to functional hyperemia maybe more complex than previously thought. It has been shown that astrocytic Ca2+ activity is dynamic and heterogeneous (Bindocci et al., 2017; Stobart et al., 2018b). Characterizations of Ca2+ activity in astrocytes have commonly focused on the soma, processes, microdomains or macrodomains (Shigetomi et al., 2013; Srinivasan et al., 2015), but rarely on the astrocytic endfoot. This critical subcellular structure of the neurovascular unit has functional relevance to the astro-vascular relationship. Here, we characterized the cortical astrocyte Ca2+ dynamics, in particular astrocytic endfoot Ca2+, and examined its relationship with functional hyperemia in completely awake mice in vivo using two-photon imaging.



MATERIALS AND METHODS


Animals

The Animal Care and Use Committee of the University of Calgary approved all the animal procedures. All studies were either performed on male GLAST-Cre ERTx LSL-GCaMP3 mice (Jax#014538) between postnatal day 30 (P30) and P60. Animals were injected on three consecutive days with tamoxifen (100 mg/kg, Sigma), prepared as a 10 mg/ml stock in corn oil. Injections started between P19 and P35. Animals were kept on a normal 12-h light/12-h dark cycle and had ad libitum access to food and water.



Awake in vivo Preparation

All surgical procedures and isoflurane anesthesia were performed as previously described (Tran and Gordon, 2015). Briefly, 1 week before the imaging session, a head bar was surgically installed on the animal, after which the animal was returned to its home cage to recover. Mice were initially trained on a passive air-supported Styrofoam ball treadmill under head restraint for 30 min and habituated to whisker stimulation with an air puff on contralateral vibrissae once every minute for 5 s using a Picospritzer III (General Valve Corp.) for 2 consecutive days. After training, the animal was returned to its home cage. On imaging day, bone and dura over the primary somatosensory cortex were removed and a ∼3 × 3mm cover glass (thickness #0) was installed over the cranial window.



Vessel Indicators

Rhodamine B isothiocyanate (RhodB)-dextran (MW 70,000; Sigma) was injected via the tail vein (100–200 μl of a 2.3% (w/v) solution in saline) to visualize the blood plasma. The animal was allowed to recover on the treadmill, with its head immobilized, for 30 min prior to imaging.



Two-Photon Fluorescence Imaging and Whisker Stimulations

Fluorescence images were obtained using a custom-built in vivo two-photon microscope (Rosenegger et al., 2014) illuminated with a tunable Ti:sapphire laser (Coherent Chameleon, Ultra II), equipped with GaAsP PMTs (Hamamatsu) and controlled by an open-source ScanImage software. A Nikon 16X objective lens (0.8NA, 3 mm WD) or a Zeiss 40X objective lens (1.0NA, 2.5 mm WD) was used. GCaMP3 and Rhodamine B dextran were excited at 920 nm. Green fluorescence signals were obtained using a 525/50 nm band-pass filter, and an orange/red light was obtained using a 605/70 nm band-pass filter (Chroma Technology). Bidirectional xy raster scanning was used at a frame rate of 3.91 Hz. Animal behaviors were captured using a near-infrared LED (780 nm) and a camera at 14 Hz. A 5-s air puff that deflected all whiskers on the contralateral side without impacting the face was applied using a Picospritzer while vasodilation and astrocytic Ca2+ responses were monitored in the barrel cortex (layers 1–3).



Data Analysis and Statistics

All data were processed using ImageJ. Movement artifacts in the xy plane were corrected for using the align_slices plugin. ROIs corresponding to astrocyte endfeet, soma, and arbor were analyzed separately. Small ROIs (2.5×2.5 μm) placed next to one and another around the endfoot was analyzed to obtain temporal sequence of Ca2+ signals around the endfoot. Ca2+ responses were calculated as ΔF/F = (Ft−Frest)/Frest, where Ft is the measured fluorescence at any given time and Frest is the average fluorescence obtained over 2 s prior to whisker stimulation. Ca2+ signals with an intensity that crossed a 3-standard deviation (SD) threshold (average 3SD: ΔF/Fef = 5.9; ΔF/Fsoma = 3.8; ΔF/Farbor = 2.6 and the associated coefficient of variation: 56.5, 65.6, and 63.5% respectively) relative to signal fluctuations during a 2-s prestimulus baseline and remained above the threshold for at least 0.5 s were detected as astrocyte Ca2+ increases. Penetrating arteriole cross-sectional area was analyzed by using the threshold feature in imageJ, after which particle analysis was used to measure the area of the lumen filled with RhodB-dextran. Cross-sectional area changes were calculated as Δd/d = (dt−drest)/drest where dt is the area obtained at any given time and drest is the average baseline area obtained over 2 s prior to whisker stimulation. Area change with an intensity that crossed a 3-SD threshold (average SD for Δd/d = 2.8; coefficient of variation: 50.8%); relative to signal fluctuations during a 2-s prestimulus baseline, and remained above the threshold for at least 0.5 s were detected as vasodilation. Onset corresponds to the first time point at which the signal reached the threshold and remained over it for at least 0.5 s. Duration was calculated as the difference between response onset and response offset. Statistical analyses used a paired or unpaired t-test or one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test as appropriate. Statistical “n” constituted a single experimental trial or an experimental animal, as indicated. Data are expressed as means ± SEM. values of p <0.05 were considered statistically significant. All statistical analyses were done using GraphPad. A 95% confidence interval (CI) was calculated using modified Wald method.




RESULTS


Contralateral Whisker Stimulation Predominantly Elicits Reliable Arteriolar Dilation, but Generates Heterogeneous Astrocytic Ca2+ Responses

We previously showed that sensory stimulation induces rapid functional hyperemic response that is followed by delayed astrocytic Ca2+ (Tran et al., 2018). In this previous study, we primarily focused on a single penetrating arteriole enwrapped by an endfoot and associated soma and arbor. Since other astrocytes, and in particular endfeet, that enwrapped nearby capillaries within the same cortical layer as that of penetrating arterioles were not examined, it remained unclear whether sensory stimulation induced a global effect that elicited homogeneous Ca2+ changes in all astrocytes. In the present study, we extended these analyses, examining Ca2+ dynamics in as many astrocytes within the field of view as possible and monitoring endfoot Ca2+ changes associated with penetrating arterioles and capillaries in the same cortical layer and focal plane. We used a genetically engineered Ca2+ indicator, a cytosolic form of GCaMP3, driven by the tamoxifen-inducible astrocyte-specific promoter, Slc1a3-Cre/ERT (GLAST-ERT), to assess local intracellular astrocyte Ca2+ dynamics, with concurrent tail vein injection of RhodB-dextran to visualize the vasculature and monitor vascular responses (Figures 1A,B,D). A 5-s whisker stimulation of contralateral side vibrissae predominantly induced a rapid functional hyperemic response that was followed by a rise in astrocytic Ca2+ (Figures 1C,E,G, n = 9 mice; number of trials: vessels, 25; endfoot at penetrating arteriole, 33; endfoot at capillaries, 68; soma, 28; arbor, 37). Even though stimulation of vibrissae did not elicit arteriole dilation in all cases, it induced more vasodilatory responses (74%, CI: 0.55–0.87) than Ca2+ rises (48%, CI: 0.33–0.65) in endfeet, enveloping the penetrating arterioles (Figure 1F). Sensory-induced increases in Ca2+ rises were observed in some, but not all, soma (68%, CI: 0.49–0.82), endfeet (at cap: 60%, CI: 0.48–0.71) and arbors (62%, CI: 0.46–0.76; Figure 1F). Interestingly, there were more cases where sensory-associated Ca2+ increases were observed at endfeet wrapping around the capillaries than at those enwrapping the penetrating arterioles (Figure 1F). More importantly, the spatial and temporal profiles of Ca2+ signals in a given subcellular structure were not always similar from one astrocyte to another when they were imaged simultaneously within the same field of view (Figures 1G–K). While whisker stimulation elicited a rise in astrocytic Ca2+ in all regions of interest (ROIs) from the subcellular compartments in some trials (endfoot at penetrating arterioles: three trials, CI: 0.18–0.81; endfoot at capillaries: 10 trials, CI: 0.23–0.59; soma: four trials, CI: 0.24–0.84; arbor: three trials, CI: 0.12–0.65), it did not trigger Ca2+ changes in any ROIs in other trials. There were also trials in which at least one ROI did not exhibit a rise in Ca2+ (Figure 1G). An increase in endfoot Ca2+ associated with penetrating arterioles was not always accompanied by an increase in endfoot Ca2+ at the capillaries and similarly, a lack of endfoot Ca2+ increases at the penetrating arterioles did not always correspond to a lack in endfoot Ca2+ changes at the capillaries when they were imaged simultaneously within the same field of view (an increase in endfoot Ca2+ at both penetrating arterioles and capillaries: 12 trials, CI: 0.65– >0.99; no increase in endfoot Ca2+ at penetrating arterioles with an increase in endfoot Ca2+ at capillaries: 10 trials, CI: 0.45–0.89; Figure 1H). Functional hyperemic responses were not only more frequently observed than Ca2+ rises, but were also initiated before endfoot Ca2+ increased (onset: 2.2 ± 1.1 s and 3.4 ± 2.3 s for diameter and endfoot Ca2+ response respectively; p = 0.02; Figure 1I), a finding that is consistent with our previous observation (Tran et al., 2018). Although the onset of functional hyperemia was faster than that of endfoot, soma or arbor Ca2+ increases, the durations and time to peak of all responses were comparable (Data not shown). The distribution of onset time for sensory-induced astrocytic Ca2+ changes was more widespread than that of functional hyperemic responses (Figure 1J). While the majority of trials displayed an onset time between 1 and 3 s for functional hyperemia, the onset time of astrocytic Ca2+ rise could be varied from less than 1 s to more than 8 s (Figure 1J).
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FIGURE 1. Contralateral whisker stimulation predominantly elicits reliable arteriole dilation but generates heterogeneous astrocytic Ca2+ responses. (A) Image of an awake mouse and schematics showing the in vivo experimental setup. (B) Representative images from a cranial window over the barrel cortex of a GLAST-Cre ERT x GCaMP3 mouse showing Ca2+ fluctuations (green) from endfoot (ef), soma (s), process (p) and vessel response in penetrating arterioles (pa), pre-capillaries (pre-cap) and capillaries (cap) [labeled with Rhod-B dextran (red)] before (top images) and during (bottom images) a 5 s whisker stimulation. Regions of interest (ROIs) (bottom left) correspond to representative traces in (C). (C) Representative traces from a GLAST-Cre ERT x GCaMP3 mouse (from ROIs as indicated in B) showing the percent change in peak diameter of a penetrating arteriole (navy) and Ca2+ activity from an endfoot at the penetrating arteriole (red), endfoot at the capillaries (magenta), soma (purple), and arbor (green) in response to a 5-s whisker stimulation. Vertical shaded areas indicate periods of whisker stimulation. (D) Higher-magnification images of a penetrating arteriole and nearby capillary enveloped by an astrocytic endfoot from a different mouse showing responses immediately prior to (0 s) and during (5 s) whisker stimulation. ROIs (top right) correspond to representative traces in (E). (E) Representative traces showing changes in penetrating arteriole diameter change and astrocytic Ca2+ fluctuations (from ROIs as indicated in D (top right)) in different subcellular compartments in response to whisker stimulation. (F) Plot showing the percentage of trials generating arteriole dilation and Ca2+ increases in response to a 5-s whisker stimulation. (G) Summary showing the number of trials that displayed Ca2+ changes in all, all but one (at least one) or none from a given subcellular structure among several astrocytes observed within a single field of view. (H) Summary showing heterogeneity of Ca2+ increases observed at endfeet wrapping around the penetrating arterioles and those enwrapping capillaries when they were imaged simultaneously. (I) Summary showing arteriole dilation onset time and that of Ca2+ changes in all subcellular compartments of the astrocyte in response to a 5 s whisker stimulation. (J) Heat map showing the distribution of onset time of arteriole dilation and Ca2+ changes in all subcellular compartments of the astrocyte.




Whisker Stimulation-Induced Arteriole Dilation Occurs in the Absence of Astrocytic Endfoot Ca2+

Although some in vivo studies have reported that arteriole dilation is associated with a rapid rise in endfoot Ca2+ (Lind et al., 2013, 2018; Stobart et al., 2018a), others have shown that a majority of vasodilatory responses to sensory stimulation lack an associated astrocytic Ca2+ response (Nizar et al., 2013; Bonder and McCarthy, 2014). In the present work, vasodilation in response to a 5-s whisker stimulation was observed in both the presence and absence of a rise in endfoot Ca2+ (Figures 2A,B). Of the total 175 trials in 22 mice, 95 exhibited an endfoot Ca2+ increase and 80 lacked it. Trials with a rise in endfoot Ca2+ were more frequently associated with vasodilation (42%) than those without an endfoot Ca+ increase (29%; Figure 2C), but we found no significant differences in peak percentage increase in arteriole cross-sectional area, onset time or duration of dilation, or time to peak dilation between these two trial groups (Figure 2D). These data suggest that changes in local endfoot Ca2+ are not directly linked to arteriole dilation during experimentally evoked sensory stimulation in completely awake behaving mice. On the other hand, arteriole dilation significantly enhanced endfoot Ca2+ (ΔF/F = 58.9 ± 7.8% with vasodilation vs. 31.6 ± 7.7% without vasodilation; p = 0.02, n = 22 mice, 175 trials; Figure 2E). Furthermore, the onset of endfoot Ca2+ elevations was significantly faster in cases when there was an associated vasodilation (5.2 ± 0.5 s vs. 7.4 ± 1.1 s, p = 0.04, n = 22 mice, 175 trials). These observations further support our previous findings that changes in arteriole diameter evoked endfoot Ca2+ transients (Tran et al., 2018).
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FIGURE 2. Whisker stimulation-induced arteriole dilation occurs in the absence of astrocytic endfoot Ca2+ but vasodilation augmented endfoot Ca2+. (A) Representative images from two different trials showing a penetrating arteriole enwrapped by an endfoot of a GLAST-Cre ERT x GCaMP3 mouse immediately prior to (0 s) and in response to (6 s) whisker stimulation. (B) Representative traces showing penetrating arteriole diameter and changes in endfoot Ca2+ (from A) from the same mouse but different trials in response to a 5-s whisker stimulation. (C) Percentage of trials with and without dilation in the presence and absence of endfoot Ca2+. (D) Summary of percent peak change (i), onset time (ii), duration (iii), and time to peak (iv) of penetrating arteriole diameter in response to whisker stimulation in the presence or absence of endfoot Ca2+. (E) Summary of percent peak change (i), onset time (ii), duration (iii) and time to peak (iv) of endfoot Ca2+ in response to whisker stimulation in the presence or absence of vasodilation.




Whisker Stimulation Elicits Discrete Endfoot Ca2+ Signals That Subsequently Spread

We next performed a detailed analysis of endfoot Ca2+ dynamics in response to a 5-s whisker stimulation. Previous studies have shown that astrocytic Ca2+ activity is heterogeneous across different subcellular structures within an astrocyte (Bindocci et al., 2017). Under basal conditions, gliapil, the peripheral region of an astrocyte composed of fine processes, exhibit the highest activity, whereas, soma exhibit the lowest activity. Given their close proximity to the vessel wall, endfeet could conceivably directly modulate, or be modulated by, the vasculature. A detailed analysis of Ca2+ activity within a cross-section of an endfoot enwrapping a penetrating arteriole that dilated in response to whisker stimulation revealed heterogeneous Ca2+ signals (Figure 3). The discrete nature of these Ca2+ signals are revealed in 3-D surface plots that also display, once initiated, how these Ca2+ signals spread (Figures 3Ai,Bi,Ci). Subsequently, we analyzed Ca2+ responses in small regions of interest (ROIs) positioned next to one and another around the endfoot (Figures 3A,B,Cii-iv). Interestingly, sensory stimulation did not initiate a global rise in endfoot Ca2+; instead, it triggered Ca2+ “hot spots” at various discrete regions of the endfoot, from which Ca2+ signals then spread either bidirectionally or unidirectionally (Figure 3E). While some endfeet had several Ca2+ “hot spots” with different onsets (Figures 3A,F), others had only a single hot spot (Figures 3B,F). Occasionally, endfoot Ca2+ increases were observed without any discernable “hot spots” (Figure 3D; n = 10 animals). In some instances, a soma appeared to be physically part of the endfoot; in this particular scenario, Ca2+ signals increased within the soma region either remained localized or did not spread far (Figure 3Ai). This behavior is similar to that observed by Bindocci and colleagues under basal conditions where Ca2+ signals were relatively confined to the boundary of the soma (Bindocci et al., 2017). In another instance in which we could clearly see the endfoot, its associated processes and a soma, 3-D surface plots revealed the spread of Ca2+ signals from different hot spots within each subcellular structure of the astrocyte. However, signals from these astrocytic compartments appeared to be independent of each other (Figure 3C).
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FIGURE 3. Whisker stimulation elicits discrete endfoot Ca2+ signals that subsequently spread. (A) Detailed analysis of Ca2+ dynamics in response to a 5 s whisker stimulation. (i). 3-D surface plot of astrocyte Ca2+ fluctuations in an astrocyte at different time points immediately prior to (0 s), during (1.75 s, 2.75 s), or after (5.25 s, 7.75 s, 11.5 s, 12.5 s, and 15.25 s) a 5-s whisker stimulation. Insets showed the differential images between the two time points. (ii) Higher magnification image of an endfoot and consecutive ROIs from which Ca2+ measurements were obtained. Double-headed arrow indicates the bidirectional spread of the Ca2+ “hot spot” spread. Single-headed arrow indicates the uni-directional spread of the Ca2+ “hot spot”. A dot indicates Ca2+ signals remain localized. (iii) Onset times from different ROIs showing regional Ca2+ activity and vasodilation. (iv) Penetrating arteriole cross-sectional area trace (black) and Ca2+ traces (colors) from different ROIs. Vertical shaded areas indicate periods of whisker stimulation. (B) Detailed analysis similar to that in A, but from a different animal displaying only the endfoot enwrapping a penetrating arteriole. (i) 3-D surface plot of astrocyte Ca2+ fluctuations at different time points immediately prior to (0 s) and after (6.25 s, 7 s, 8 s, 10s, 11.75 s, 13.5 s, and 15.5 s) a 5 s whisker stimulation. Insets showed the differential images between the two time points. (ii) Higher-magnification image of the endfoot and consecutive ROIs (right) from which Ca2+ measurements were obtained. Double-headed arrow indicates bidirectional spread of the Ca2+ “hot spot”. (iii) Onset times from different ROIs showing endfoot Ca2+ activity and vasodilation. (iv) Penetrating arteriole cross-sectional area trace (black) and Ca2+ traces (colors) from different ROIs. Vertical shaded areas indicate periods of 5 s whisker stimulation periods. (C) Detailed analysis similar to that in (A) and (B), but from a different animal showing all subcellular compartments of an astrocyte. (i) 3-D surface plot showing astrocytic Ca2+ fluctuations at different time points immediately prior to (0 s), during (2.5 s, 3 s, and 4 s) and after (5.25 s, 8.75 s, 10.5 s, and 12.5 s) a 5 s whisker stimulation. Insets showed the differential images between the two time points. (ii) Higher-magnification image of an endfoot and consecutive ROIs (top left) from which Ca2+ measurements were obtained. Labels of all the ROIs (bottom) indicated previously. Double-headed arrow indicates bidirectional spread of the Ca2+ “hot spot”. Lower magnification image of the entire astrocyte (top right). (iii) Onset times from different ROIs showing regional Ca2+ activity and vasodilation. (iv) Penetrating arteriole cross-sectional area trace (black) and Ca2+ traces (colors) from different subcellular compartments. Vertical shaded areas indicate periods of whisker stimulation. (D) Summary showing the number of “hot spots” detected associated with the area of the endfoot. (E) Pie chart showing the percentage of how those “hot spots” spread. (F) Scatter plot of onset time for each “hot spot” from individual mouse.





DISCUSSION

In this study, we revealed that (1) sensory stimulation did not generate a global effect that elicited homogeneous Ca2+ changes in all astrocytes or subcellular compartments of an astrocyte; (2) although the absence of endfoot Ca2+ around the penetrating arteriole did not preclude arteriole dilation, stronger endfoot Ca2+ rises were observed in the presence of vasodilation; (3) sensory stimulation did not elicit a global rise in endfoot Ca2+, but instead triggered discrete Ca2+ “hot spots” that typically spread around the endfoot and occasionally remained localized. These findings indicate that astrocytic Ca2+ dynamics are heterogeneous across different astrocytes as well as between astrocytic subcellular compartments, and suggest that these Ca2+ signals may be compartmentalized during sensory-induced functional hyperemia. They further suggest that the close proximity between the endfoot and the vessel wall of a penetrating arteriole does not necessarily translate to direct effects of local endfoot Ca2+ on arteriole dilation.

In the past decade, studies performed in vivo have presented polarized views on the involvement of astrocytic Ca2+ in functional hyperemia. Some of these studies in anesthetized or slightly sedated animals have shown that fast astrocytic Ca2+ transients precede functional hyperemic responses to sensory stimulation (Takano et al., 2006; Winship et al., 2007; Petzold et al., 2008; Lind et al., 2013, 2018; Stobart et al., 2018a), whereas others have shown that such signals are absent (Schummers et al., 2008; Schulz et al., 2012; Nizar et al., 2013; Bonder and McCarthy, 2014). Our earlier in vivo studies in awake active mice in which we focused on dynamic interactions between a small region of a single penetrating arteriole and its associated endfoot using cross-section imaging showed that a 5-s whisker stimulation induced a rapid functional hyperemic response followed by a delayed increase in endfoot Ca2+ (Tran et al., 2018). The current study in awake animals not only showed that vibrissae stimulation produced fast vasodilation followed by less reliable astrocytic Ca2+ increases but it also revealed the heterogeneous characteristic of astrocytic Ca2+ signals across different astrocytes within a single field of view (Figure 1). These whisker stimulation-induced Ca2+ signals appeared to be asynchronous and regional. Our findings are in agreement with previous studies (Bindocci et al., 2017; Stobart et al., 2018b) that demonstrated some fundamental differences in Ca2+ dynamics between individual structures of an astrocyte. These observations implicate a compartmentalizing effect in astrocyte Ca2+ dynamics. They also call attention to the fact that the majority of prior in vivo studies monitored Ca2+ changes selectively at small regions of astrocytic subcellular structures or assessed bulk changes in Ca2+ in the entire astrocyte, but nonetheless concluded that these observations were representatives of the whole-cell activity or the activity of the entire network. In the current study, simultaneous measurements of vascular reactivity and astrocytic Ca2+ changes revealed that continuous vibrissae stimulation for 5 s predominantly induced arteriole dilation that was accompanied by a rise in endfoot Ca2+. However, a significant number of trials showed vasodilation in the absence of endfoot Ca2+ change, a finding in agreement with previous studies (Schulz et al., 2012; Nizar et al., 2013; Bonder and McCarthy, 2014). Nevertheless, our data showed the likelihood of observing vasodilation with endfoot Ca2+ vs. that without endfoot Ca2+ was ~42% vs. 29% instead of 10% vs. 90%, as reported from Nizar and colleagues (Nizar et al., 2013). They are also clearly distinct from a previous report that endfoot Ca2+ responses were completely absent in all trials (Bonder and McCarthy, 2014). These discrepancies could be attributable partly to the use of anesthesia (Thrane et al., 2011). These findings do not necessarily refute the role of endfoot Ca2+ in regulating functional hyperemia on a whole. In fact, they highlight the heterogeneity of astrocytic Ca2+ dynamics and suggest that the close proximity of the endfoot and vessel wall does not universally translate to a direct effect of endfoot Ca2+ changes on local vasodilation. The dilation of penetrating arterioles observed in layers I–III of the cortex reported here could be due to the retrograde vascular conduction that was initiated deep in the cortex (Uhlirova et al., 2016; Longden et al., 2017), and the endfoot Ca2+ increases subsequently observed in deeper cortical layers could exhibit different dynamics from those observed in the relatively superficial layer of the cortex. Interestingly, we found here that sensory-induced endfoot Ca2+ increases were significantly stronger when they were accompanied by vasodilation of the penetrating arterioles (Figure 2), further supporting our previous observations that vasodilation obtained independent of neural activity modulates endfoot Ca2+ (Tran et al., 2018). The changes in astrocytic Ca2+ in response to changes in vasomotor tone suggest a potential arteriole-to-astrocyte communication as previously suggested by our work and others (Kim et al., 2016; Tran et al., 2018).

Situated as they are between neurons and the vasculature, forming a tripartite architecture, astrocytes are ideally positioned to facilitate neuron-vascular communication and have been increasingly viewed as a hub of integrated activity that modulates neuronal and vascular responses. Activity-dependent astrocytic Ca2+ responses are typically reported as global events (Zonta et al., 2003; Lind et al., 2013), in which increased neuronal activity triggers a global rise in Ca2+ throughout the whole astrocyte or individual compartment. A recent work described more localized events that spread within the confined boundaries of the subcellular structures (Bindocci et al., 2017). Similar to these latter studies, our work reported here using cross-section imaging explored Ca2+ dynamics in some of the endfeet that almost completely ensheathed the vessel (Figure 3). Although an initial analysis appeared to show a global rise in endfoot Ca2+ in response to a 5-s whisker stimulation; a detailed analysis of these Ca2+ responses revealed discrete Ca2+ “hot spots” that typically spread. The majority of these “hot spots” spread uni-directionally, while others spread bidirectionally around the endfoot. Yet, in some instances, the “hot spot” remained as a single discrete Ca2+ signal. There were also cases where no discernible “hot spot” was observed. In agreement with a previous work (Bindocci et al., 2017), we found that astrocytic Ca2+ signals were compartmentalized. For example, in cases where the soma was a part of an endfoot, the somatic Ca2+ signal seemed to remain confined to the region defined as a soma. Similar observations were noted in other soma that were not physically a part of the endfoot. These findings suggest that astrocyte can assemble as multiple local units that function heterogeneously, implying that astrocytes can locally sense features of their surrounding environment, whether it is a nearby neuron or a vessel wall, and respond accordingly. Studies have further shown that resting Ca2+ differs in different astrocytic regions (Zheng et al., 2015), suggesting that there might be some regional control. These observations suggest that there are specific regions within the soma, endfoot and process where plasma membrane channels (e.g., transient receptor potential vanilloid 4, TRPV4) and/or intracellular organelles possessing the machinery, such as the mitochondria (Agarwal et al., 2017), to initiate Ca2+ changes reside, and that these are responsible for inducing the spread of Ca2+ signals, perhaps via Ca2+-induced Ca2+ release. Similarly, these subcellular structures may have organelles, such as endoplasmic reticulum (ER) or mitochondria that buffer Ca2+ and prevent the signals from spreading beyond a boundary. Other studies have described global events observed in all subcellular compartments (Ding et al., 2013; Paukert et al., 2014; Srinivasan et al., 2015). However, these events appeared to be associated with specific physiological conditions, in this case, a startle response (Ding et al., 2013; Bonder and McCarthy, 2014; Paukert et al., 2014; Srinivasan et al., 2015). This implies that an astrocyte needs to reach a certain threshold before it can trigger the coordination between different compartments and, potentially, between different astrocytes. In the quiescent state, astrocytes have a high threshold for activation such that other systems, such as noradrenergic (Paukert et al., 2014) and/or cholinergic (Takata et al., 2011) circuits, must be recruited to enhance local signals.

Our work has unveiled the complexity of astrocytic Ca2+ dynamics and addressed the relationship between such Ca2+ signals and NVC. We do not dispute the role of astrocytic Ca2+ in regulating vascular response; however, for several reasons, we recommend caution in universally interpreting NVC based on data from an isolated subpopulation of astrocytes imaged at a certain layer of the cortex. First, since astrocytic Ca2+ activity is heterogeneous, it would be inaccurate to take observations from a single compartment or a single astrocyte as being representative of the whole cell or the whole network. Second, somatosensory cortical activation is significantly different between layers of the cortex (Krupa et al., 2004). Finally, different levels of the vascular network are structurally and functionally reflected in differences in architecture (Shih et al., 2015), anastomoses, level of neuronal innervation (Hamel, 2006), and expression of receptors and ion channels (Sercombe et al., 1990). Collectively, this vascular architecture serves to provide a supply of blood to every single neural cell sufficient to match the metabolic needs of the cell. In fact, recent studies have demonstrated temporal differences in sensory-induced vasodilation across different layers of the cortex, with the fastest onset of dilation observed below layer IV (Uhlirova et al., 2016). It has been proposed that upstream penetrating arterioles or pial arterioles dilate in response to signals initiated few 100 μm away achieved via a retrograde vascular conduction mechanism (Longden et al., 2017). Nevertheless, this does not imply that conduction is the only process that mediates upstream dilation nor does it rule out the possible involvement of NVC at all cortical depths. There are some important caveats that we need to acknowledge: (1) all two-photon fluorescence imaging were conducted at a frame rate of 3.91 Hz. This might have prevented us from detecting faster discrete Ca2+ signals; (2) we acknowledge that the fact that small ROIs used to detect discrete Ca2+ were done manually could contribute to the under-detection of the signals. In conclusions, our findings further emphasize that examining NVC in 3-Ds and at different layers of the cortex in awake animals is necessary to obtain accurate assessments of astrocytic Ca2+. Furthermore, they highlight the need to have an automation of Ca2+ analysis designed to better detect all signals from all subcellular compartments of the astrocyte.
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Brain pericytes reside on the abluminal surface of capillaries, and their processes cover ~90% of the length of the capillary bed. These cells were first described almost 150 years ago (Eberth, 1871; Rouget, 1873) and have been the subject of intense experimental scrutiny in recent years, but their physiological roles remain uncertain and little is known of the complement of signaling elements that they employ to carry out their functions. In this review, we synthesize functional data with single-cell RNAseq screens to explore the ion channel and G protein-coupled receptor (GPCR) toolkit of mesh and thin-strand pericytes of the brain, with the aim of providing a framework for deeper explorations of the molecular mechanisms that govern pericyte physiology. We argue that their complement of channels and receptors ideally positions capillary pericytes to play a central role in adapting blood flow to meet the challenge of satisfying neuronal energy requirements from deep within the capillary bed, by enabling dynamic regulation of their membrane potential to influence the electrical output of the cell. In particular, we outline how genetic and functional evidence suggest an important role for Gs-coupled GPCRs and ATP-sensitive potassium (KATP) channels in this context. We put forth a predictive model for long-range hyperpolarizing electrical signaling from pericytes to upstream arterioles, and detail the TRP and Ca2+ channels and Gq, Gi/o, and G12/13 signaling processes that counterbalance this. We underscore critical questions that need to be addressed to further advance our understanding of the signaling topology of capillary pericytes, and how this contributes to their physiological roles and their dysfunction in disease.

Keywords: pericytes, ion channels, GPCRs (G protein coupled receptors), neurovascular coupling (NVC), cerebral blood flow (CBF), KATP channels, brain metabolism


INTRODUCTION

A combination of autonomic signaling (Cipolla et al., 2004; Hamel, 2006) and intrinsic pressure sensing and metabolic autoregulatory mechanisms (Bayliss, 1902; Paulson et al., 1990) drives continual adjustments in global and local blood flow in the brain. Importantly, as the brain lacks substantial energy stores it must be able to rapidly adapt local blood flow to fluctuating neuronal metabolic needs to provide adequate oxygen and glucose delivery. This is achieved through the on-demand process of functional hyperemia (FH), where increases in neural activity—which can span orders of magnitude in milliseconds—are met with an increase in local blood flow within seconds. This call-and-response phenomenon is underlain by a complex range of stratified mechanisms, collectively termed neurovascular coupling (NVC), which have inbuilt redundancy to ensure the fidelity of the blood flow response.

Significant inroads toward a full understanding of these NVC mechanisms have been made in recent years (Iadecola, 2017), and in particular ion channel and GPCR signaling networks within and between the cells of the neurovascular unit [NVU; neurons, astrocytes, smooth muscle cells (SMCs), endothelial cells (ECs), and pericytes] are emerging as major contributors (Longden et al., 2016). However, capillary pericytes represent a relative blind spot in our knowledge, and our understanding of their involvement in brain blood flow control is less well-developed than that for other cells of the NVU. Accordingly, the purpose of this review is to survey the signaling toolkit that mesh and thin-strand pericytes may employ to contribute to the control of blood flow throughout the brain. To this end, we leverage data from recent brain single-cell RNAseq (scRNAseq) screens (He et al., 2018; Vanlandewijck et al., 2018; Zeisel et al., 2018) to profile the expression of ion channels (Table 1) and GPCRs (Table 2) in brain capillary pericytes which, when synthesized with functional results, may aid in delineating their physiological roles.


Table 1. Ion channels expressed by CNS capillary pericytes.
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Table 2. G protein coupled receptors expressed by CNS capillary pericytes.
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An important caveat with this approach is that mRNA expression does not necessarily predict protein levels (Liu et al., 2016), and we thus stress that it is essential that the hypotheses generated by transcriptomic data be subject to further experimental scrutiny. Accordingly, while the following discussion is based on robust mRNA expression data, we highlight where there is question of whether gene expression translates into functional channels or receptors. A second putative caveat relates to the quality of the scRNAseq data. Specifically, it is important to ask if low-level mRNA counts reflect true and physiologically meaningful expression or artifacts such as contamination of the pericyte transcriptomes by mRNA from other cell types. Pericytes in particular are sensitive to endothelial contamination because of the tight physical association between these two cell types. With these caveats in mind, to arrive at a list of genes with reasonable likelihood of pericyte expression we first selected genes detected at levels >1 average count per cell in the 1,088 adult brain pericytes present in the Vanlandewijck et al. dataset (http://betsholtzlab.org/VascularSingleCells/database.html; He et al., 2018; Vanlandewijck et al., 2018) and compared this to their expression in the Zeisel dataset (http://mousebrain.org; Zeisel et al., 2018). In the latter, three pericyte clusters are provided (PER1, PER2, PER3) of which PER1 and PER2 are endothelial cell contaminated, whereas PER3 appears pure. After manually checking for signs of contamination by comparing the expression level in pericytes with expression in other brain cell types, we selected the following criteria as qualifying: (i) expression in >3% of the pericytes in the Vanlandewijck dataset and; (ii) detectable expression (>0) in the Zeisel et al. PER3 dataset (Figure 1).


[image: Figure 1]
FIGURE 1. Overview of gene qualification process for pericyte ion channels and GPCRs and other genes of interest. An initial filter of 1 average count/cell was applied to exclude genes with extremely low expression. (A) Heatmap of expression of the remaining genes throughout the neurovascular unit. A small subset of these genes were highly enriched in pericytes (top left), while many showed higher expression in other cell types. To filter out potential contamination, genes that were expressed in <3% of pericytes, and were absent from the PER3 cluster of Zeisel et al. (2018) were excluded. (B) Relationship between pericyte-specificity of expression and fraction of pericytes expressing each gene considered. Genes represented by green circles were excluded according to the above criteria. (C) High resolution view of genes with a <0.1 expression ratio in pericytes, that were expressed in fewer than 10% of pericytes, corresponding to the bottom left corner in (B). Genes represented by green circles were excluded from further consideration as potential contamination.


Below, we focus our discussion on the ion channels and GPCRs that are likely to be most pertinent to blood flow control. We center our discussion on studies using acute and in vivo preparations, as cultured pericytes may exhibit phenotypic drift which confounds interpretation. Accordingly, we note instances in which we refer to cultured pericytes. We begin by briefly reviewing the key features of the brain vasculature and pericytes before exploring their ion channel and GPCR complement in detail.



THE VASCULAR NETWORK OF THE BRAIN


Fundamental Angioarchitecture

From pial arteries on the brains surface, penetrating arterioles branch orthogonally and dive into the parenchyma (Duvernoy et al., 1981; Cipolla, 2009; Figure 2). Arteries and arterioles are composed of a lumen lined by electrically-coupled cobblestone–morphology ECs (Haas and Duling, 1997) that directly interface with the blood. These ECs are surrounded by a fenestrated internal elastic lamina (IEL), composed mainly of elastin and collagen (Schwartz et al., 1981), through which they extend projections to directly contact overlying contractile smooth muscle cells (SMCs) (Aydin et al., 1991).


[image: Figure 2]
FIGURE 2. An overview of brain angioarchitecture. (A) Cross-section of one brain hemisphere illustrating macroscopic vascular architecture. The carotid artery joins the circle of Willis at the base of the brain, then gives rise to major pial arteries which course over the brain surface, from which multiple penetrating arterioles arise and dive into the tissue. (B) Close up view of the components of the vascular network approximating the area in the boxed region in A showing the interconnected organization of pial arteries, penetrating arterioles, the dense capillary network, and venules. The vessel labeling system we use takes the penetrating arteriole as the 0-order vessel and primary reference point, and vessels are numbered sequentially with regard to this. Vessel number automatically increases each time a vessel branches and thus, after vessel n branches, the daughter branches—regardless of diameter or orientation—are labeled vessel n + 1. (C) Illustration approximating the boxed region in (B), showing the cellular elements that make up the arteriolar side of the brain vasculature. Arteries and arterioles consist of SMCs surrounding ECs, which are in direct contact with the blood. The first 3–4 vessels emanating from the penetrating arteriole are a transitional zone and are covered with contractile mural cells that are positive for α-SMA and can change diameter abruptly. Immediately after the α-actin terminus are capillaries covered by mesh pericytes, following which are capillaries where thin-strand pericytes reside. The cross-section at right shows a section through an artery/arteriole and illustrates the presence of the internal elastic lamina (IEL) which separates ECs and SMCs. Occasional fenestrations dot the IEL, through which ECs and SMCs make direct contact via myoendothelial projections (MEPs, circular inset). These are sites of gap junctions (GJs) permitting chemical and electrical cell-cell communication.


As the penetrating arteriole extends deeper into the tissue, further vessels sprout from its length at regular intervals (Blinder et al., 2013). These initial branch points are sites of precapillary sphincters which are regulated over short time scales to control blood flowing into the capillary bed (Grubb et al., 2020). From this point, extensive ramification of the vascular bed greatly expands the surface area of the network, facilitating efficient exchange of nutrients and waste to rapidly satisfy the intense metabolic requirements of every neuron. The capillary bed—consisting of capillary ECs (cECs; Garcia and Longden, 2020) and overlying pericytes (see below) embedded in the basement membrane (a dense network of glycoproteins, collagens and secreted factors; Pozzi et al., 2017)—is incredibly dense, and each microliter of cortex holds approximately 1 m of blood vessels (Shih et al., 2015). Of these, around 90% by volume are capillaries (Gould et al., 2017). Accordingly, ECs are estimated to comprise around 30% of the non-neuronal cell mass in the gray matter, forming a network of 20–25 billion ECs throughout the entire human brain (von Bartheld et al., 2016). This places cECs in close apposition with all neurons, with each neuronal cell body lying within ~15 μm of a vessel (Tsai et al., 2009). Red blood cells (RBCs) traverse this network, releasing oxygen to diffuse down its concentration gradient into the tissue, while glucose is transported by ECs from the blood plasma into the parenchyma. After negotiating the capillary bed, oxygen-depleted RBCs eventually reach a vertically-oriented venule, which drain to veins at the cortical surface on the path back to the heart.



Mural Cell Properties Transition Gradually With Increasing Branch Order

As the vascular bed ramifies from the penetrating arteriole, there is gradation in the morphology and functional characteristics of the mural cells associated with vessels. The first 3–4 branches of the vascular network (1st to 4th order) originating from the penetrating arteriole constitute a “transitional zone” (Ratelade et al., 2020). These vessels are covered by cells expressing high levels of α-smooth muscle actin (α-SMA) with ovoid cell bodies and multiple broad processes that almost completely ensheathe the underlying vessel (Grant et al., 2019; Figure 3A). Given that the identity of these cells is unresolved, and that they have been referred to as both pericytes (Peppiatt et al., 2006; Hall et al., 2014; Attwell et al., 2016; Grant et al., 2019) and SMCs (Hill et al., 2015; Grutzendler and Nedergaard, 2019), we refer to these cells here as “contractile mural cells” and to the segments of the vasculature that they cover as “vessels.” Expression of α-SMA permits these cells to rapidly regulate the diameter of the underlying vessel and therefore blood flow. Indeed, multiple studies have illustrated the importance of contractile mural cells in mediating dilation (of ~10–30%) in response to neuronal stimulation (Hill et al., 2015; Mishra et al., 2016; Kisler et al., 2017; Cai et al., 2018; Rungta et al., 2018).
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FIGURE 3. Cytoarchitecture and microenvironment of pericytes. (A) Mural cells with a ‘bump-on-a-log’ cell body, with multiple contractile processes that almost completely encase the underlying vessel. 6,000x, rat mammary gland vasculature. Reproduced with permission from Fujiwara and Uehara (1984). (B) A 4,400x magnification scanning electron micrograph of a putative mesh pericyte of the rat mammary gland. Multiple sparse processes enwrap the underlying capillary. Reproduced with permission from Fujiwara and Uehara (1984). (C) A thin-strand pericyte atop a rat retinal capillary, extending fine processes away from the ovoid cell body. Adapted with permission from Sakagami et al. (1999). Scale bar: 10 μm. (D) Illustration of a thin-strand pericyte. The bulk of the volume of the cell body is occupied by the nucleus. The pericyte is prevented from making direct contact with the underlying EC by the basement membrane, shown in the SEM at bottom left, reproduced with permission from Carlson (1989). Multiple small fenestrations are seen in this structure, allowing for pericyte and endothelial projections to make direct contact with one another, forming so-called ‘peg-socket junctions’ which are also sites of gap junction formation. At bottom right electron micrographs depicting a peg-socket junction (left) and a pericyte-endothelial gap junction (right) are shown, reproduced with permission from Díaz-Flores et al. (2009) and Carlson (1989). Abbreviations in micrographs: EC, endothelial cell; N, nerve; P, pericyte.


Beyond this point in the vasculature, mural cells do not express high levels of α-SMA, although one recent study suggested that retinal mural cells retain expression of a low level of this protein (Alarcon-Martinez et al., 2018) and they do express very low levels of the Acta2 gene in the brain (He et al., 2018; Vanlandewijck et al., 2018). As a result, these cells are not equipped to regulate vessel diameter over abrupt time scales, but there is clear evidence that they may contract slowly under certain circumstances (reducing the diameter of the underlying vessel by up to ~25%; Fernández-Klett et al., 2010; Gonzales et al., 2020). Thus, we consider the relatively static diameter vessels downstream of the α-SMA terminus (which typically occurs between the 1st and 4th order branch in immunostaining experiments; Grant et al., 2019) to be capillaries. The identity of mural cells on these so-defined capillaries is unambiguous, and there is consensus that these cells are pericytes.

The pericytes residing on capillaries display at least two distinct morphologies: (i) Immediately adjacent to the α-SMA terminus, pericytes take on a mesh-like appearance, and are thus known as “mesh pericytes” (Figure 3B); (ii) beyond these are cells that project long, thin processes along the vasculature, and accordingly these are referred to as “thin-strand pericytes” (Grant et al., 2019; Figures 3C,D).




CELLULAR ANATOMY OF MESH AND THIN-STRAND PERICYTES

Despite differing morphologies (Figure 3), mesh and thin-strand pericytes are indistinguishable at the level of single-cell transcriptomics, possibly due to the fact that mesh pericytes represent only a small fraction of capillary pericytes (Chasseigneaux et al., 2018). Pericyte cell bodies have a highly stereotyped shape, appearing as a large ovoid that protrudes from the wall of the capillary, which is often referred to as a “bump-on-a-log” (Grant et al., 2019). Mesh pericytes are few in number relative to thin-strand pericytes and have fewer, shorter longitudinal processes (their primary trunks averaging 40 μm in length; Hartmann et al., 2015) that cover ~70% of the underlying capillary. This contrasts with upstream contractile mural cells which cover 95% of the underlying vessel (Grant et al., 2019). Thin-strand pericytes extend long, thin, strand-like processes that are ~1.5 μm in diameter and cover on average around 250 μm in total capillary distance, in some instances exceeding 300 μm (Berthiaume et al., 2018). Together, the thin-strand pericyte cell body and its processes cover between one third (Mathiisen et al., 2010) and one half (Grant et al., 2019) of the abluminal surface area of the endothelium. A typical thin-strand process has a stable “non-terminal core” of ~50 μm in length that bifurcates into slightly shorter, dynamic terminal processes that may extend or retract up to 20 μm over the course of days to weeks (Berthiaume et al., 2018). At their terminal ends, thin-strand processes appear to come into close proximity with those of neighboring pericytes (Berthiaume et al., 2018), possibly allowing for direct contact between adjacent pericytes, although this awaits direct experimental confirmation. Changes in the length of processes of one cell appear to evoke opposite changes in the length of adjacent pericyte processes, preventing the formation of substantial gaps (Berthiaume et al., 2018).

These processes are for the most part prevented from making direct contact with the underlying endothelium by the basement membrane. However, electron microscopy has revealed that—similar to the IEL of arteries and arterioles—the capillary basement membrane is dotted with many fenestrations, with an average area of 1.5 μm2, ranging from 100 to 450 nm in diameter (Carlson, 1989; Figure 3D). In arteries, similar fenestrations are the sites of myoendothelial junctions, optimized for EC-SMC communication by the presence of a number of key enzymes, ion channels, and gap junction (GJ) proteins (Straub et al., 2014). In the capillary bed, these fenestrations are the site of “peg-socket” interdigitations where either the pericyte or the EC sends a projection to make contact with the adjacent cell (Tilton et al., 1979; Cuevas et al., 1984; Armulik et al., 2005). These contact points are thought to be the sites of GJ communication between the two cell types (see Box 1), and may be the location of key signaling events, such as local calcium (Ca2+) or cyclic adenosine monophosphate (cAMP) elevations. Moreover, they may be sites of macromolecular signaling complex assembly, containing ion channels, and GPCRs positioned to facilitate cell-cell communication.


BOX 1. Potential gap junction configurations between capillary pericytes and cECs.

According to expression data (He et al., 2018; Vanlandewijck et al., 2018), pericytes predominantly express mRNA for connexin (Cx)37 and Cx45, along with much lower expression of Cx26 and Cx43. Capillary ECs, on the other hand, robustly express Cx43 and Cx45, with low levels of Cx37, whereas Cx26 is undetectable (see Figure). Electron microscopy has been used to visualize putative GJ sites between pericytes and ECs at peg-socket interdigitations. In contrast, similar sites between the processes of neighboring pericytes have yet to be clearly demonstrated. Nonetheless, a recent dye transfer study (Kovacs-Oller et al., 2020), has shown that the cells of the capillary bed form a syncytium. Accordingly, two configurations for cell-cell communication can be postulated: (i) Pericyte-EC GJs alone permit bidirectional transfer of intracellular materials and charge between cells of the capillary wall; (ii) both pericyte-EC GJs and pericyte-pericyte GJs permit intercellular communication along two parallel, closely adjacent paths. The latter configuration would provide redundancy in the event of cell-cell communication failing in one cell type.

GJs are homo- or hetero-dodecameric assemblies of Cx subunits (Koval et al., 2014), formed from two hexameric hemichannels that dock to yield intercellular channels. GJs can be homotypic, with both hemichannels composed of the same Cx isoform(s), or heterotypic, with each hemichannel consisting of a distinct assembly of 6 Cx subunits. Moreover, a given hemichannel may be homomeric (composed Cx monomers of the same isoform) or heteromeric (consisting of multiple Cx isoforms), a property that depends on the propensity of the locally expressed Cxs to co-assemble. These complexities yield channels with distinct attributes, which may further oligomerize into large GJ plaques with discrete population characteristics.

Considering pericyte connexins in isolation, α-class Cxs 37 and 45 are not known to assemble into heteromers, but both of these will heteromerize with the much more modestly expressed α Cx43. The β Cx26, on the other hand, is not compatible with α Cx isoforms. Thus, the available data suggest that the typical pericyte hemichannel is most likely to be a homomeric assembly of Cx37 or Cx45, with perhaps a low level of heteromerization involving Cx43. Similarly, the EC-expressed Cx43 will form heteromers with Cx37 and Cx45, but again the latter are not compatible with one another. Thus, the possibility of heteromerization appears to be higher for ECs. In terms of heterotypic compatibility in the formation of GJs, Cx37, Cx43, and Cx45 are known to readily assemble together, whereas Cx26 hemichannels will not dock with any of these.


[image: Figure 11]

Taken together, this complexity underscores the great deal of further work needed to firmly establish the nature and properties of GJs in the capillary wall.





ION CHANNEL EXPRESSION IN BRAIN CAPILLARY PERICYTES

A cursory review of the brain capillary pericyte ion channel expression data provided by He et al. (2018) and Vanlandewijck et al. (2018) reveals that potassium (K+) channels are the dominant ion channel species in pericytes. Remarkably, this is due to the adenosine triphosphate (ATP)-sensitive K+ (KATP) channel inward rectifier (Kir) subunit, Kir6.1, accounting for nearly half of the total ion channel gene expression in these cells. Transient receptor potential (TRP), Ca2+, and chloride (Cl−) channels make up the remaining half, along with lower expression of a handful of other channel subunits including two-pore channels (TPCs), voltage-gated sodium (Na+; Nav) channels, P2X receptors, acid sensing ion channels (ASICs), and Piezo1 (Table 1 and Figure 4).


[image: Figure 4]
FIGURE 4. Overview of CNS pericyte ion channel and GPCR expression. (A) Relative abundance of mRNA for all ion channel subunits meeting our inclusion criteria. The size of each segment represents the relative expression of the underlying gene. Channels are clustered on the basis of the ion species that the corresponding functional channel conducts (denoted by shading of the same color) and are then grouped by family/subfamily. K+ channels are the predominant ion channel class due to extremely high expression of Kcnj8 which forms the pore of vascular KATP channels. The non-selective TRP channels are the next highest expressed, followed by Ca2+ channels, Cl− channels, and lower expression of other channels. (B) Relative expression of pericyte GPCRs. Here, receptors are organized by ligand sensitivity or class. (C) Expression of the KATP channel genes Kcnj8 and Abcc9 throughout the brain vasculature. Pericytes express both genes at much higher levels than arterial SMCs or ECs. However, venous SMCs also express high levels of KATP channel-forming genes.




PERICYTE K+ CHANNELS

Focusing initially on the K+ channel superfamily, capillary pericytes express Kir, two-pore domain (K2P), voltage-gated (Kv), Na+-activated (KNa), and Ca2+-activated (KCa) K+ channel genes.


Kir-Family Channels May Enable Pericyte Metabolism-Electrical Coupling and Facilitate Rapid, Long-Range Electrical Signaling

Kir channels have the defining biophysical property of inward rectification, preferentially conducting large currents into the cell at voltages negative to the K+ equilibrium potential (EK), the magnitude of which depend on the electrochemical gradient for K+ [i.e., the difference between Vm and EK] (Katz, 1949; Hibino et al., 2010). At potentials positive to EK some degree of rectification occurs, ranging from strong—in which almost no current passes from the interior of the cell to the exterior—to weak, in which rectification is only seen at very positive potentials. Accordingly, Kir channels can be classified by their degree of rectification as strongly-rectifying (Kir2.x, Kir3.x), intermediately-rectifying (Kir4.x) or weakly-rectifying (Kir1.1, Kir6.x, Kir7.x). Alternatively, this group of channels can be classified according to function into classic (Kir2.x), G-protein sensitive (Kir3.x), KATP (Kir6.x), or K+ transport (Kir1.x, Kir4.x, Kir5.x, Kir7.x) channels (Hibino et al., 2010). Of the Kir channel family, capillary pericytes express extremely high levels of Kir6.1—far exceeding that of any other ion channel gene expressed by brain pericytes—and to a lesser extent Kir2.2 (Bondjers et al., 2006; He et al., 2018; Vanlandewijck et al., 2018).

As Kir6.1 is a component of KATP channels, this suggests that the two key roles of these channels—providing membrane hyperpolarization and coupling metabolism to membrane electrical activity—could be major contributors to pericyte physiology. Functional KATP channels are hetero-octameric assemblies of four two-transmembrane spanning pore–forming Kir6.x subunits (either Kir6.1 or Kir6.2, encoded by Kcnj8 and Kcnj11, respectively), each associated with a regulatory 17-transmembrane spanning ATP-binding cassette subfamily sulfonylurea subunit (SUR1 or SUR2, respectively encoded by Abcc8 and Abcc9—the latter of which is also highly expressed in brain pericytes; Figure 5A; Seino and Miki, 2003; Li et al., 2017). SURs are required for membrane trafficking of the channel (Burke et al., 2008) and impart sensitivity to KATP agonists and antagonists and intracellular nucleotides. Alternative splicing yields a number of SUR2 variants with SUR2A and SUR2B as the major forms, differing by just 42 amino acids in their C-terminal domains (Seino and Miki, 2003). Thus, the available expression data suggest that KATP channels native to brain pericytes are composed of Kir6.1 and SUR2—often referred to as the “vascular” form of KATP–and indicates that these are expressed much more highly in pericytes than they are in cerebral SMCs and ECs (Figure 4C).
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FIGURE 5. Structural topology of K+ channels expressed by pericytes. (A) Vascular KATP channels are octamers consisting of four 17-transmembrane SUR2 subunits associated with four 2-transmembrane pore-forming Kir6.1 subunits. (B) Kir2.2 channels consist of homo or heteromeric assemblies of four 2-transmembrane subunits. (C) Kv channels are composed of four 6-transmembrane alpha subunits with a positively charged voltage sensor at S4 which transduces changes in Vm into conformational alterations. (D) K2P channels are tetramers of two-pore domain four-transmembrane subunits. (E) KNa channels have a 6-transmembrane structure that lacks a voltage sensor, with multiple regulatory sites in the long intracellular COOH-terminus including two RCK domains, an ATP binding site, and a PDZ domain. (F) KCa2.3 channels consist of four 6-transmembrane domains which lack a voltage-sensor at S4. The COOH-terminus of each is associated with a calmodulin monomer, which imparts Ca2+ sensitivity to the channel.


K+ currents through KATP channels are weakly rectifying at potentials very positive to EK–the result of voltage-dependent intracellular magnesium (Mg2+) block (Findlay, 1987). The defining biophysical feature of KATP channels is that open probability (Po) decreases with increasing intracellular ATP levels, with ATP stabilizing the closed state of the channel (Enkvetchakul and Nichols, 2003). Thus, when cellular ATP demands are low and free cytosolic ATP is high, the channel is closed. In contrast, when cell activity increases or metabolism drops, the ADP:ATP ratio rises and the channel may open to hyperpolarize the membrane (Quayle et al., 1997). Consistent with these channels being saturated by ATP to keep them closed under resting conditions, the KATP channel blocker glibenclamide has no effects on resting CBF but levcromakalim, a KATP channel opener, increases global CBF by 14% (Al-Karagholi et al., 2020).

Nucleotide regulation of KATP channels is complex and has been best characterized for Kir6.2/SUR1-containing channels, which we review briefly here. Intracellular nucleotides are sensed by an array of sites throughout the channel complex: ATP has been shown to bind to an inhibitory site of the Kir6.2 subunit (Tucker et al., 1997; Tanabe et al., 2000) with just one of four subunits of the channel needing to bind ATP to effect closure (Markworth et al., 2000). The SUR1 subunit has two nucleotide binding domains (Li et al., 2017), where Mg2+-bound adenosine diphosphate (MgADP) occupancy increases channel activity (Tung and Kurachi, 1991; Gribble et al., 1997; Shyng et al., 1997). MgATP also has a stimulatory effect here, likely through hydrolysis to MgADP, although this is normally masked by the much more potent inhibitory effect of free ATP (Gribble et al., 1998; Proks et al., 2010). Thus, as might be expected, increasing intracellular Mg2+ antagonizes the inhibitory effect of free ATP (Gribble et al., 1998). Conversely, in the absence of Mg2+, ADP may have an inhibitory effect (Findlay, 1988). Comparatively less is known about the fine details of nucleotide regulation of Kir6.1/SUR2B channels, which have a smaller conductance than their Kir6.2-containing counterparts (~15–30 pS for Kir6.1/SUR2B-containing channels vs. ~50–90 pS for the Kir6.2/SUR2A form, for example; Hibino et al., 2010). However, it is clear that the presence of a nucleotide diphosphate and Mg2+ is a requirement for channel activity, and that these channels are also sensitive to ATP inhibition (Kajioka et al., 1991; Kovacs and Nelson, 1991; Beech et al., 1993; Kamouchi and Kitamura, 1994; Nelson and Quayle, 1995; Zhang and Bolton, 1996; Yamada et al., 1997).

One of the consequences of the nucleotide sensitivity of KATP channels is that they may act as sensors of the metabolic state of the cell and transduce changes in this parameter into adjustments of membrane voltage. This is perhaps best characterized in pancreatic β cells, where KATP channels composed of Kir6.2 and SUR1 subunits couple glucose concentration with insulin secretion (Tarasov et al., 2004). Here, elevated glucose leads to an increase in intracellular ATP due to increased glucose metabolism. This closes KATP channels, which depolarizes the cell and drives Ca2+-mediated insulin secretion through the activation of L-type voltage-dependent Ca2+ channels (VDCCs; MacDonald et al., 2005). Conversely, if glucose concentrations decrease the channel opens, hyperpolarizing the membrane to prevent insulin release. In an analogous situation, KATP channels composed of Kir6.2 and SUR1 are involved in glucose sensing and glucagon secretion in the ventromedial hypothalamic neurons of the hypothalamus (Miki et al., 2001).

Like many other channels (Hille et al., 2015; Dickson and Hille, 2019), KATP channels containing Kir6.2 pore-forming subunits are also influenced by the concentration of intracellular phosphoinositides, such as phosphoinositol-4,5-bisphosphate (PIP2; Fan and Makielski, 1997). In Kir6.2-containing channels, ATP and PIP2 compete for residues on overlapping binding sites on the pore forming subunit, each subtly altering channel conformation to stabilize closed or open states, respectively (Enkvetchakul and Nichols, 2003), with PIP2 additionally uncoupling the pore-forming subunit from its SUR companion (Li et al., 2017). Exposure of these KATP channels to PIP2 decreases ATP affinity (K0.5) in excess of two orders of magnitude from ~10 μM to ~3.5 mM, and furthermore in the absence of ATP increases channel Po (Shyng and Nichols, 1998). As the abundance of PIP2 thus regulates Po, this raises the possibility that cell signaling that impinges upon PIP2 levels may subsequently affect channel activity. Kir6.1/SUR2B channels, in contrast, appear to have a much higher affinity for PIP2 than Kir6.2 channels. Accordingly, PIP2 is thought to bind so tightly here as to be saturating, and thus physiological fluctuations of this phospholipid do not influence channel activity (Quinn et al., 2003; Harraz et al., 2020). However, a number of intracellular signaling pathways have been established to dramatically influence vascular KATP activity. Indeed, phosphorylation by protein kinase C (PKC), lying downstream of DAG, decreases the Po of Kir6.1/SUR2B channels (Bonev and Nelson, 1996; Shi et al., 2008b) and in stark contrast, protein kinase A (PKA), which is stimulated as a result of Gs-coupled GPCR engagement, phosphorylates KATP to increase Po (Kleppisch and Nelson, 1995; Bonev and Nelson, 1996; Quinn et al., 2004; Shi et al., 2007, 2008a).

Accordingly, there appear to be two major possible avenues through which vascular KATP channels could be engaged in pericytes:

i) Changes in metabolism may couple KATP channel activity to membrane hyperpolarization.

It is possible that brain pericyte KATP channels act as sensors of the metabolic state of the cell and adjust membrane potential in response to perturbations in energy supply. Notably, the expression of the glucose transporter GLUT1 is incredibly high in astrocytes and brain ECs compared to pericytes, which express much lower levels of GLUTs 1, 3 and 4 (He et al., 2018; Vanlandewijck et al., 2018). Therefore, while astrocytes and capillary endothelial cells are well equipped for glucose import, the comparatively lower expression of GLUTs in the pericytes situated between them could make them more sensitive to subtle changes in glucose levels, such as local depletions that occur during neural activity (Hu and Wilson, 1997; Paulson et al., 2010; Li and Freeman, 2015; Pearson-Leary and McNay, 2016). Such decreases in glucose could impact pericyte metabolism, increasing the ADP:ATP ratio to open KATP channels and hyperpolarize the membrane.

However, as glucose can be transmitted via gap junctions (Rouach et al., 2008) it is possible that pericyte glucose needs are instead satisfied directly by the underlying ECs, enabling them to continually maintain a high level of cytosolic ATP. This latter possibility, coupled with evidence that metabolic regulation of vascular KATP channels in arteriolar SMCs requires either anoxia or extreme ATP consumption (Quayle et al., 2006)—circumstances of energetic compromise that are unlikely to be seen under physiological conditions (Quayle et al., 1997)—suggests that KATP metabolism-electrical coupling may be primarily relevant in pathological situations (e.g., stroke). In this context, metabo-electrical coupling may represent a last-ditch effort to stimulate blood flow and therefore replenish O2 and glucose to regions in deep metabolic crisis. Further studies are needed to understand metabolic contributions to the control of pericyte KATP channels.

ii) Molecules that stimulate Gs signaling may engage pericyte KATP channels.

Pericytes express a broad repertoire of receptors that couple to the Gs signaling pathway, including those for purines, polyadenylate cyclase activating peptide (PACAP), parathyroid hormone (PTH) and prostaglandins (discussed in detail below, see Table 2). The release of these molecules into the paravascular space during neuronal activity could thus engage Gs signaling in local pericytes, culminating in the phosphorylation of KATP and channel opening. Indeed, in the retina (often used as a model of the NVU; see Box 2) the inhibitory neurotransmitter and metabolic byproduct adenosine hyperpolarizes the rat retinal pericyte membrane potential by ~30 mV through KATP channel engagement resulting from A1 and A2a adenosine receptor activation (Li and Puro, 2001), likely through engagement of cAMP and PKA.


BOX 2. A brief comparison of retinal and brain vasculatures.

The retinal vasculature consists of two vascular beds—the outer layer of retinal photoreceptors is nourished by the choroidal vasculature, and the multilayered inner retinal vasculature provides oxygen and nutrients to the inner cell layers. The latter has a tightly regulated blood-retinal barrier, akin to the BBB, which pericytes help to maintain (Trost et al., 2016). Vascular density in the cerebral cortex varies according to the metabolic demand of the brain region it supplies (e.g., white vs. gray matter), whereas in the retina, capillary density tends to be greater in the center of the tissue and decreases toward the periphery (Patton et al., 2005). Both retinal and cerebral vascular cells have identical embryological origins: pericytes and SMCs derive from neuroectodermal neural crest cells and ECs derive from mesodermal hemangioblasts (Kurz, 2009; Dyer and Patterson, 2010). Structurally, the cortical and inner retinal vascular beds share a similar overall architecture, with a post-arteriolar transitional zone of 3–4 branches that are covered by contractile mural cells, leading to thin strand pericyte-covered deep capillaries (Ratelade et al., 2020). A distinction between these vascular beds is that the retinal vasculature is highly organized into two parallel plexi (Ramos et al., 2013), whereas cerebral capillaries form more elaborate three-dimensional geometries (Blinder et al., 2013). These structural differences could dictate differences in the flow of blood through each circulation and may necessitate distinctions in the signaling mechanisms that are utilized to direct blood flow through either bed. However, the vasculatures in both retina and cortex respond similarly to neuronal activity with elevations in blood flow (Newman, 2013), and similar mechanisms underpinning these responses appear to be at play in either bed. K+, PGE2, and EETs, for example, have been implicated in control of blood flow in both circulations (Newman, 2013; Longden et al., 2017; Gonzales et al., 2020). Recent studies have also indicated the utility of non-invasive examinations of the retinal vasculature as a marker for detecting cerebrovascular diseases, due to a similar susceptibility of both circulations to vascular risk factors such as hypertension or diabetes (Patton et al., 2005; van de Kreeke et al., 2018; McGrory et al., 2019; Querques et al., 2019). Data on gene expression in vascular cells of the retina are currently lacking, but would provide a useful standpoint for deeper comparisons of the similarities and differences between these vascular beds.

Studies on retinal pericytes (Li and Puro, 2001; Kawamura et al., 2002, 2003; Wu et al., 2003; Matsushita and Puro, 2006), on cerebral pericytes (Peppiatt et al., 2006; Fernández-Klett et al., 2010; Hill et al., 2015; Rungta et al., 2018), or both (Gonzales et al., 2020; Kovacs-Oller et al., 2020) have thus informed our current understanding of blood flow control and pericyte physiology. Although it is clear that a high degree of similarity exists between these vascular beds, the possibility of yet-to-be-identified differences between these networks should be borne in mind when attempting to draw generalizations from data from both vascular beds. To this end, we note explicitly where data on pericytes in this review were drawn from studies performed in retina.



What would be the physiological consequence of such profound membrane hyperpolarization in pericytes? It has been proposed that KATP-generated hyperpolarization of pericytes in the retinal vasculature could be transmitted over long distances to close VDCCs in the mural cells of upstream vessels, thereby causing vasorelaxation and an increase in blood flow (Ishizaki et al., 2009). Such a mechanism could be enabled by transmission of hyperpolarizing signals either between pericytes themselves, or between pericytes and ECs. Indeed, hyperpolarizations transmitted to cECs are predicted to engage Kir2.1 channels, which we have recently shown to rapidly propagate hyperpolarizing signals over long distances through the brain endothelium to upstream arterioles, causing their dilation and an increase in blood flow (Longden and Nelson, 2015; Longden et al., 2017). A similar mechanism involving both KATP and Kir2.1 channels has also recently been shown to be critical for control of blood flow in the heart (Zhao et al., 2020). In the brain, connexin (Cx)37, and Cx45 are highly expressed in pericytes (He et al., 2018; Vanlandewijck et al., 2018; see Box 1), and thus these likely form cell-cell GJs that facilitate long-range transmission of KATP-mediated electrical signals (Figure 6).
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FIGURE 6. Predicted capillary pericyte-EC interactions to control local blood flow. Neuronal activity drives the release of K+ and GsPCR agonists. Top inset: These are predicted to engage pericyte Kir2.2 and their cognate GPCRs, respectively. GsPCR activity activates KATP channels, the hyperpolarization by which may feed forward to evoke further Kir2.2 activity (a sufficient fall in ATP:ADP would also engage KATP channels). The hyperpolarization generated by these channels may then be passed via gap junctions to cECs (bottom right inset) or possibly to adjacent pericytes, though direct pericyte-pericyte gap junctions have not been observed to date. In cECs, the incoming hyperpolarization will engage Kir2.1 channels to amplify hyperpolarization to a sufficient level to pass to adjacent cECs and pericytes. Hyperpolarization-mediated activation of Kir2.1 and Kir2.2 in these cells will rapidly regenerate the current so that it can be passed to the next cell, and so on upstream to the arteriole. Upon arrival at the arteriole and its first few offshoots, hyperpolarization will be passed via GJs at MEPs to SMCs and to contractile mural cells, which will close VDCCs, leading to a fall in intracellular Ca2+, relaxation of their actin-myosin contractile machinery, vasodilation, and an increase in blood flow.


Kir2 channels are activated not only by membrane hyperpolarization, but also by external K+, which is an important mediator of NVC (Filosa et al., 2006; Longden and Nelson, 2015; Longden et al., 2017). Neurons or astrocytes release K+ into the perivascular space during NVC, and its concentration can reach ~10 mM during concerted activity (Orkand et al., 1966; Newman, 1986; Ballanyi et al., 1996; Kofuji and Newman, 2004). Interestingly, Kir2.2 channels are expressed in pericytes (Table 1 and Figure 5B) and Kir currents with the expected biophysical characteristics and sensitivity to micromolar barium (Ba2+) have been reported in cultured retinal and heart pericytes (von Beckerath et al., 2000; Quignard et al., 2003), and retinal and kidney pericytes from microvessels (Cao et al., 2006; Matsushita and Puro, 2006). Strong rectification in Kir2 channels results from intracellular polyamine and Mg2+ block of the channel pore at depolarized membrane potentials, limiting outward current. This block is relieved by elevating external K+ to levels that are typically seen during neuronal activity, initiating rapid and self-perpetuating hyperpolarization that drives Vm toward EK (Longden and Nelson, 2015). Thus, pericyte Kir2.2 channels could contribute to transmitted hyperpolarizations in several ways. On one hand, K+ elevations resulting from neural activity may directly activate Kir2.2 channels on pericytes (Figure 6). Alternatively, engagement of pericyte KATP channels could cause a K+ or hyperpolarization-mediated recruitment of Kir2.2 channels, which would serve to amplify hyperpolarization. Kir2.2 channels could then propagate hyperpolarizing signals from capillary pericytes to upstream vessels by means of pericyte-pericyte communication through their thin-strand processes or by passing hyperpolarization to neighboring ECs via pericyte-endothelial GJs. PIP2 is also central to Kir2 channel function (D'Avanzo et al., 2010; Hansen et al., 2011), and its depletion via GqPCR signaling has recently been shown to play an important role in regulating Kir2.1 channel activity in cECs (Harraz et al., 2018). Accordingly, signaling processes that influence PIP2 levels are anticipated to factor in to Kir2.2 channel activity in pericytes.

Collectively, genetic and functional data to date argue for an important role of KATP and Kir2.2 channels in regulating pericyte electrical activity, and we thus propose that the activity of these channels plays a central role in the control of capillary blood flow (Figure 6).



Voltage-Gated K+ (Kv) Channels Provide Graded Opposition to Membrane Depolarization

Kv channels are formed by 4 identical subunits that surround a central pore. Each subunit is composed of six transmembrane segments (S1–S6) of which four form the voltage sensor domain (S1–S4) with several regularly spaced positively-charged amino acids in the S4 helix playing a central role in transducing voltage into conformational changes that gate the channel. The remaining two transmembrane regions line the K+-selective pore (S5–S6; Figure 5C; Jiang et al., 2003; Chen et al., 2010).

In order of mRNA abundance, cerebral pericytes express modest to low levels of genes encoding: Kv6.1, Kv7.4, Kv2.1, Kv9.3, Kv9.1, Kv7.5, and Kv1.2, in the absence of Kv beta subunits (Table 1). Outward K+ currents attributable to Kv channels have been measured in these cells, for example in guinea pig cochlear stria vascularis and cultured bovine retinal pericytes (von Beckerath et al., 2000; Quignard et al., 2003; Liu et al., 2018). Kv channels are crucial for negative feedback regulation of Vm, their Po and unitary currents increasing with membrane depolarization to provide a counterbalancing hyperpolarizing influence (Nelson and Quayle, 1995; Koide et al., 2018). Their activity can also be modulated by a range of intracellular signaling cascades that engage varied effectors such as PKC, c-SRC or Rho-kinase (which inhibit Kv channels) or cAMP-PKA and cyclic guanosine monophosphate(cGMP)-protein kinase G (PKG) signaling pathways (which promote channel activity) (Jackson, 2018). Of note, nitric oxide (NO) can exert major signaling effects via soluble guanylate cyclase (sGC) and cGMP-PKG in pericytes (Denninger and Marletta, 1999). As adjacent cECs are a major source of local NO (Longden et al., 2019), its elevation may be sufficient to engage pericyte PKG signaling to promote activity of KV and other PKG-sensitive channels.

Cerebral arteriolar SMCs are each estimated to express ~3,000 Kv channels/cell (Dabertrand et al., 2015) composed principally of Kv1.2 and Kv1.5 (Straub et al., 2009) with activation initially detectable above −40 mV and increasing e-fold per 11-13 mV, exhibiting half-activation between approximately −10 and 0 mV (Robertson and Nelson, 1994; Straub et al., 2009). These channels also exhibit substantial steady-state inactivation over the physiological voltage range (Robertson and Nelson, 1994). Kv currents with similar characteristics have been described in cultured retinal pericytes (Quignard et al., 2003), whereas the half-maximal activation of Kv channels recorded in cultured coronary pericytes is substantially more negative at −40.9 mV, along with a steeper voltage-dependence of activation (e-fold per 4.6 mV) and only modest inactivation at physiological membrane potentials (von Beckerath et al., 2000). Thus, Kv current characteristics in pericytes appear to be regionally dependent, likely a result of differential expression and assembly of distinct Kv isoforms. Direct characterization of Kv currents in native brain pericytes is therefore critical to furthering our understanding of their role in the control of pericyte Vm, where these channels are anticipated to provide negative feedback to limit depolarization effected by the activity of depolarizing ion channels in pericytes, such as those of the TRP family.



K2P3.1 Channels Provide a Background K+ Conductance and May Impart pH Sensitivity

K2P channels contribute to maintenance of resting membrane potential due to steady outward K+ “leak” at potentials positive to EK. They comprise a family of 15 members, and are composed of two identical subunits, each with four transmembrane domains with two pore-forming loops making up a central K+-conducting pore (Figure 5D; Miller and Long, 2012; Lolicato et al., 2014). K2P3.1, also known as the two-pore domain weakly inwardly-rectifying K+ channel (TWIK)-related acid-sensitive K+ (TASK)-1 channel (Duprat et al., 1997), is the only K2P isoform expressed in capillary pericytes, and is also expressed in cerebral SMCs (He et al., 2018; Vanlandewijck et al., 2018). In SMCs, its steady current contributes to maintaining a relatively negative Vm by counterbalancing depolarizing influences (Gurney et al., 2003).

Perhaps the most well-studied characteristic of TASK-1 is its sensitivity to pH within the range of ~6.5–8. Acidic pH inhibits channel activity while alkaline pH increases it, with half-maximal activation occurring at pH 7.4 and ~90% of maximal TASK-1 current recorded at pH 7.7 (Duprat et al., 1997). Synchronous neuronal activity can cause rapid changes in pH. For example, alkalization in extracellular pH has been observed in the hippocampus, cerebellum and some cortical areas, by up to 0.2 units (Chesler and Kaila, 1992; Makani and Chesler, 2010). Thus, it is possible that in addition to setting resting Vm, K2P3.1 imparts sensitivity to pericytes in these regions to such shifts, which could hyperpolarize Vm to modulate blood flow through the mechanisms described above.



Na+- and Ca2+-Activated K+ Channels Are Expressed at Low Levels in Pericytes

Capillary pericytes also express low levels of genes encoding the Na+-activated KNa1.2 channel and the Ca2+-activated KCa2.3 channel (Table 1). KNa1.2 channels (Figure 5E) are sensitive to intracellular Na+ and Cl−, and are dramatically stimulated by cell swelling and inhibited by a decrease in cell volume (Bhattacharjee et al., 2003; Tejada et al., 2014). Thus, they could impart sensitivity to pericyte volume changes, and may respond to fluctuations in intracellular ion concentrations or metabolic state.

KCa2.3 (also known as SK3) belongs to the family of small-conductance Ca2+-activated K+ (SK) channels that share overall transmembrane topology with Kv channels, yet lack a functional voltage-sensor at S4 (Figure 5F; Adelman et al., 2012). Each subunit in the tetrameric channel is associated with a calmodulin (CaM) monomer via a CaM binding domain in the C-terminal region. Ca2+ binding to CaM induces a conformational change which leads to rapid channel opening, with an EC50 for Ca2+ of 300–500 nM (Ledoux et al., 2006; Adelman et al., 2012). If functional SK channels in native pericytes are confirmed, they are expected to facilitate coupling between Ca2+ elevations and membrane hyperpolarization.




PERICYTE TRP CHANNELS

The TRP channel family mediates cellular responses to a wide range of stimuli (Clapham, 2003). These are non-selective cation channels that depolarize the membrane upon activation and, in many cases, conduct significant amounts of Ca2+. In mammals there are six subfamilies of TRP channels encoded by 28 genes, 11 of which are expressed by capillary pericytes. These are canonical (TRPC1, TRPC3, TRPC4, TRPC6), melastatin (TRPM3, TRPM4, TRPM7), mucolipin (TRPML1), poly-cystin (TRPP1, TRPP3), and vanilloid (TRPV2) channels (Earley and Brayden, 2010; He et al., 2018; Vanlandewijck et al., 2018). Functional TRP channels are tetramers of subunits with a common six transmembrane structure, which can assemble into homomeric or heteromeric functional channels. Their tendency to heteromerize, generally with closely related members, can give rise to channels with unique sensing capabilities and biophysical properties (Venkatachalam and Montell, 2007). Overall, subfamily members share ~35% amino acid sequence homology, with the majority of this diversity arising from differences in their cytoplasmic domains (Figure 7; Clapham, 2003; Nilius and Owsianik, 2011). While they have been traditionally described as “non-selective,” the pattern of ion selectivity for different cations varies between subfamilies (Hill-Eubanks et al., 2014; see Table 1).
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FIGURE 7. Structural overview of the TRP families expressed in CNS capillary pericytes, adapted with permission from Clapham (2003). All TRP channels share a common and typical 6-transmembrane structure with profoundly varying intracellular N- and C-terminal domains, the major features of which are illustrated. CC, coiled-coil domain.


Broadly speaking, TRP channels are major downstream effectors for GPCR signaling (Clapham, 2003; Veldhuis et al., 2015), with particular second messenger systems both activating or sensitizing some TRP channels, and decreasing the activity of others. TRPC channels are Ca2+ permeable and typically activated by plasmalemmal GPCRs or tyrosine kinase receptors that activate PLC isoforms (Albert, 2011). TRPC3/6 channels are directly activated by DAG, which is liberated by Gq signaling, and inhibited by PIP2, which decreases during Gq activity (Hofmann et al., 1999; Albert, 2011). The activation mechanisms of TRPC4 are less clear, whereas TRPC1-containing channels are unresponsive to DAG and are instead gated by PIP2 in a PKC-dependent manner (Hofmann et al., 1999; Albert, 2011), although heteromultimerization with TRPC3 can convey DAG sensitivity (Lintschinger et al., 2000). TRPC3 is the most robustly expressed TRP channel in capillary pericytes (Table 1) and is thus likely to be engaged during GqPCR-DAG signaling. This channel permits robust Ca2+ entry, although it has relatively low selectivity for Ca2+ over Na+ (pCa2+:pNa+ ~1.5; Pedersen et al., 2005). At the arteriolar level, TRPC3 has been implicated in mediating vasodilation through elevations of EC Ca2+ leading to KCa2.3 activation (Kochukov et al., 2014), whereas its activation in SMCs mediates arteriolar constriction through a mechanism involving an IP3R-activated (sarcoplasmic reticulum (SR) Ca2+ release independent) TRPC3-dependent Na+ current that depolarizes Vm and activates VDCCs (Xi et al., 2009). Similar couplings may occur in capillary pericytes, likely depending on the macromolecular organization of TRPC3 with other local signaling elements.

Members of the TRPC subfamily, in particular TRPC1, have also been suggested to participate in store-operated Ca2+ entry (SOCE)—an event activated by the depletion of endoplasmic reticulum (ER) Ca2+ stores that depends on Orai1 and the ER-Ca2+ status sensing protein stromal interaction molecule 1 (STIM1; Huang et al., 2006; Soboloff et al., 2006; Cheng et al., 2008, 2013). Capillary pericytes express STIM1 and Orai1 and 3 (Table 1), and thus a functional interaction between TRPC1 and these proteins could be important for SOCE in pericytes. Recent work also shows TRPM7 activation, although not essential, can positively modulate SOCE (Souza Bomfim et al., 2020).

The melastatin channel TRPM4 is unique in its exclusive permeability to monovalent cations. Na+ currents through TRPM4 are voltage-dependent and activated by intracellular Ca2+ (EC50 ~20 μM) with the Ca2+ sensitivity of the channel regulated by multiple factors including cytosolic ATP, PKC-dependent phosphorylation and calmodulin (Nilius et al., 2005; Ullrich et al., 2005). In cerebral SMCs, membrane stretch indirectly activates TRPM4 (and TRPC6) current through angiotensin II AT1 receptor activation and a resultant IP3-mediated Ca2+ elevation (Gonzales et al., 2014). Pericytes also express the AT1 receptor, and thus a similar mechanism may be present in capillary pericytes which could contribute to the mild, slow constrictions these cells are capable of Fernández-Klett et al. (2010). In contrast to the monovalent conductance of TRPM4, the closely related TRPM3 and TRPM7 channels are also permeable to Ca2+ and Mg2+ (Pedersen et al., 2005). TRPM3 is activated by cell swelling, the neurosteroid pregnenolone sulfate, and the metabolite D-erythro-sphingosine and related sphingosine analogs and thus may impart sensitivity to steroid and lipid signals to pericytes (Grimm et al., 2005; Wagner et al., 2008). As pericytes also robustly express the S1P3 receptor (discussed below), it is likely that TRPM3 and S1P3 respond in concert to locally released lipids, such as those released constitutively by ECs and RBCs (Selim et al., 2011; Ksiazek et al., 2015). TRPM7, in contrast, is ubiquitously expressed and plays a major role in Mg2+ homeostasis (Schlingmann et al., 2007).

Functional TRPP1 channels (encoded by the Pkd2 gene) have a large conductance and conduct a significant amount of Ca2+ (Earley and Brayden, 2015). This channel has been implicated in mechanosensation when expressed alongside polycystic kidney disease (PKD)1 (Giamarchi and Delmas, 2007; Sharif-Naeini et al., 2009; Narayanan et al., 2013). As PKD1 is also present in pericytes, these channels may aid in the detection of local mechanical forces, such as paravascular fluid shear from the glymphatic system (Mestre et al., 2018), or those imparted through the very thin endothelium by changes in blood flow during neuronal activity, or through subtle changes in diameter of the underlying capillary. Similarly, the vanilloid family member TRPV2, also expressed in SMCs throughout the vasculature (Muraki et al., 2003), has been suggested to play a role in mechanosensation-evoked Ca2+ entry (Perálvarez-Marín et al., 2013). Continuing this theme, mechanosensory contributions have also been reported for TRPC1, TRPC6, and TRPM4 (Yin and Kuebler, 2010). Combined with the fact that pericytes also express Piezo1 (see below), this represents a broad mechanosensing repertoire, suggesting that pericytes may be exquisitely sensitive to a range of mechanical perturbations. The resultant Ca2+ elevation and depolarizing currents through the activity of these channels could couple to a number of processes, including driving further Ca2+ release from stores, and activation of VDCCs, KCa2.3 channels, or Ca2+-activated Cl− channels (CaCCs; discussed below). As recent work demonstrates that pericytes can subtly influence tone throughout the capillary bed (Fernández-Klett et al., 2010), mechanosensing and Ca2+-mediated mechanisms may play an important role in influencing this process.



PERICYTE Ca2+ CHANNELS

The overall expression level of Ca2+ channels is similar to that of TRP channels in pericytes, composed of message for IP3R subtypes and a range of VDCCs.


IP3Rs Permit a Versatile Range of Ca2+ Signaling Behaviors in Response to Extracellular Signals

The vast majority of intracellular Ca2+ signals arise from either Ca2+ influx across the plasmalemma, or release from the SR/ER via IP3Rs or ryanodine receptors (RyRs). IP3Rs are enormous proteins (~1.3 MDa) formed by four IP3R subunits. Three subunit isoforms—IP3R1-3—exist, which are able to homo- or heterotetramize. Each individual subunit has six transmembrane segments: The fifth and sixth segments form a central ion-conducting pore that is connected via a linker to the peripheral bundle formed by transmembrane domains 1-4. The large cytoplasmic N-terminal domain contains the IP3 binding site and a putative Ca2+ sensor region, and binding of IP3 and Ca2+ leads to conformational changes which are transmitted to the pore to gate the channel (Figure 8; Fan et al., 2015; Baker et al., 2017; Hamada et al., 2017). IP3R subtypes share ~70% homology and differ in their affinity for IP3, with IP3R2 being more sensitive than IP3R1, and both of these subtypes being more sensitive than IP3R3 (Tu et al., 2005; Iwai et al., 2007). Brain capillary pericytes express the genes encoding IP3Rs 1 and 2 robustly, and a much lower level of IP3R3, whereas RyRs are not appreciably expressed by these cells (He et al., 2018; Vanlandewijck et al., 2018; Table 1).
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FIGURE 8. Structural topology of Ca2+ channels expressed by pericytes. (A) The general structure of Cav channels consists of a single 24-transmembrane α subunit which is a repeat of a 6-transmembrane motif with an embedded voltage sensor connected by intracellular loops. This is accompanied by associated β, γ, and α2δ subunits. (B) IP3Rs consist of a tetrameric assembly of 6- transmembrane subunits with a large N-terminal domain that contains the IP3 binding site.


As described briefly above, GqPCRs activating phospholipase Cβ (PLCβ) (Fisher et al., 2020), or receptor tyrosine kinases (RTKs) activating PLCγ, can mediate the formation of IP3 and DAG from PIP2. IP3 then binds to IP3Rs on the ER membrane, leading to Ca2+ release from the ER lumen (where Ca2+ is maintained between 100 and 800 μM; Burdakov et al., 2005) down its electrochemical gradient into the cytosol (<100 nM basal Ca2+; Berridge, 2016). IP3 and Ca2+ act as co-agonists at IP3Rs (Bezprozvanny et al., 1991; Finch et al., 1991; Foskett et al., 2007) and channels display a biphasic sensitivity to Ca2+, resulting in a characteristic bell-shaped concentration-response curve. In the presence of very low IP3 levels, IP3Rs are extremely sensitive to Ca2+ inhibition. However, a small increase in IP3 concentration (to ~100 nM) profoundly reduces the sensitivity of the channel to Ca2+ inhibition, permitting dramatic increases in activity (Iino, 1990; Bezprozvanny et al., 1991; Finch et al., 1991; Foskett et al., 2007).

The resultant release of stored Ca2+ can take on a broad range of spatiotemporal profiles, which depend on many factors. To name just a few, these include the concentration of local IP3 and Ca2+, ER Ca2+ load, the type, and number of IP3Rs expressed, their splice variation, whether they are homomers or heteromers, and the topology of the local microenvironment. Such intricacies provide the versatility to potentially generate a huge variety of Ca2+ signals that encode information through their amplitudes, durations, frequencies, and spatial characteristics (Bootman and Bultynck, 2020). Despite these inherent complexities, a range of stereotyped IP3R-mediated Ca2+ signals typically emerge. These range from the opening of single IP3R (termed a “blip”), to the coordinated, weakly cooperative openings of a cluster of around 6 IP3Rs within a release site (a “puff”), to finally—with sufficient IP3–a long-range regenerative Ca2+ “wave” arising due to the recruitment of successive sites through the process of Ca2+-induced Ca2+ release (CICR) (Berridge et al., 2000; Smith and Parker, 2009; Lock and Parker, 2020).

Store-mediated Ca2+ release has been observed in pericytes in a range of contexts. For example, pericytes of the ureter display long-duration IP3R-mediated Ca2+ transients in response to the GqPCR agonists endothelin-1 and arginine vasopressin. These signals are suppressed by elevations of Ca2+ in adjacent cECs, which are suggested to inhibit IP3R activity through a NO-dependent mechanism (Borysova et al., 2013). Spontaneous ER Ca2+ release-dependent Ca2+ transients have also been observed in suburothelial capillary pericytes, which activate CaCCs to depolarize the membrane, subsequently recruiting VDCCs (Hashitani et al., 2018).

In the brain, recent studies have revealed that capillary pericytes generate microdomain Ca2+ oscillations under ambient conditions, and that neural activity evoked by odor leads to a transient cessation of these signals and a decrease in basal Ca2+, which correlates with an increase in RBC velocity (Hill et al., 2015; Rungta et al., 2018). However, it is worthy of note that a decrease was not observed in similar experiments in which whisker stimulation was used to drive activity (Hill et al., 2015), suggesting the possibility of heterogeneity in the Ca2+ signaling machinery deployed by pericytes in different regions of the cortex. The specific ion channels and broader mechanisms that underlie these ambient signals have not yet been delineated, but IP3Rs are obvious potential candidates. Elucidation of the mechanistic basis and roles of these Ca2+ signals in brain capillaries is critical, and awaits further experimentation.



Voltage-Dependent Ca2+ Channels Directly Link Vm to Ca2+ Entry

VDCCs are composed of four to five distinct subunits (α1, β, α2δ, and γ; Figure 7). The α1 subunits are pore forming and responsible for the pharmacological diversity of different VDCC subtypes. These are associated with an intracellular β subunit, a disulphide-linked α2δ subunit, and in some cases a transmembrane γ subunit, each of which regulate surface expression and tune the biophysical properties of the channel (Catterall et al., 2005). The large α1 subunit is organized into four homologous domains, each comprising six transmembrane segments (S1-S6) with intracellular N- and C- termini. Similar to Kv channels, the S4 segment of each of these domains comprises the voltage sensor and the S5-S6 regions form the ion conducting pore (Catterall et al., 2005). Capillary pericytes express genes encoding the α subunits for L-type (Cav1.2, Cav1.3), P/Q-type (Cav2.1), and T-type (Cav3.1, Cav3.2) channels and thus we briefly review the salient properties of these here. They also express low levels of several genes encoding β and α2δ auxiliary subunits (He et al., 2018; Vanlandewijck et al., 2018).

As with Kv channels, VDCC activity depends on membrane potential: Po steeply increases with depolarization, balanced by multiple feedback mechanisms that act to limit Ca2+ entry at depolarized potentials. Prominent among these are voltage- and Ca2+-dependent inactivation. Voltage-dependent inactivation (VDI) is inherent to the α1 subunit but is modulated by the ancillary β subunit and others, whereas Ca2+-dependent inactivation (CDI) is conferred by a CaM monomer associated with the α1 carboxy tail (Peterson et al., 1999; An and Zamponi, 2005; Dick et al., 2008; Tadross and Yue, 2010; Tadross et al., 2010). Regulation is additionally complicated by the panoply of alternative splice variants that can be expressed, which impact the biophysical properties of the functional channel, including sensitivity to CDI and VDI.

L-type channels are widely expressed, including in the heart, in skeletal and smooth muscle, and in neurons (Zamponi et al., 2015). Cav1.2 and Cav1.3 have distinct biophysical and pharmacological differences (Lipscombe et al., 2004)—Cav1.3 channels open and close on faster timescales than Cav1.2 (Helton et al., 2005), and are less sensitive to inhibition by dihydropyridines (Xu and Lipscombe, 2001). A C-terminal modulatory (CTM) domain can structurally interfere with CaM binding to decrease Po and reduce CDI, an effect that is more pronounced in Cav1.3 than Cav1.2 (Striessnig et al., 2014). Moreover, in alternatively spliced Cav1.3 channels, the absence of a CTM domain can shift the voltage of half-maximal activation by ~+10 mV by decreasing the slope factor of the activation curve without any effects on activation threshold (Singh et al., 2008). At physiological extracellular Ca2+ levels, the activation threshold of Cav1.3 is much more negative (-55 mV) than Cav1.2 (-25 to −30 mV) (Xu and Lipscombe, 2001). Thus, at pericyte resting Vm of around −45 mV, as measured in the retina (Zhang et al., 2011), Cav1.3 channels could be active and contribute to Ca2+ entry.

In addition to voltage- and Ca2+-dependent inhibition, L-type VDCC activity is heavily regulated by GPCR signaling. Prominent among these, Gs-cAMP-PKA signaling has long been known to play an important role in stimulating channel activity, and has been studied extensively in the heart. Here, it was recently shown that the target of PKA phosphorylation is not the core channel itself, as mutation of all PKA consensus phosphorylation sites to alanine resulted in channels that retained PKA regulation. Rather, PKA acts via the small G protein Rad, a constitutive inhibitor of VDCCs. Phosphorylation of Rad relieves its interaction with β subunits, and allows channel activity (Liu et al., 2020). Further regulation of L-type channels by PKC, stimulated by DAG liberated as a result of GqPCR activity, is also a possibility, with both inhibitory and potentiating effects having been observed (Kamp and Hell, 2000).

P- and Q-type currents are both attributable to Cav2.1, with the β subunit accompanying the pore-forming subunit thought to account for their differences (Zamponi et al., 2015). These channels have been best characterized in the nerve terminals and dendrites of neurons where they couple Ca2+ entry with neurotransmitter release (Zamponi et al., 2015) and also play a role in coupling Ca2+ entry to gene transcription via engagement of CaM kinase II (Wheeler et al., 2012). They open in response to similar depolarization levels as Cav1.2 channels, with an activation threshold of approximately −40 mV (Adams et al., 2009). Upon repetitive/tetanic stimulation, as occurs during neuronal activity, CaM can bind to two adjacent sites on the Cav2.1 α1 subunit to mediate an initial Ca2+-dependent facilitation (CDF) of P/Q-type current, followed by progressive CDI, with a relatively slow (30 s−1 min) recovery from this (Lee et al., 1999, 2000). While CDI of Cav2.1 requires a global Ca2+ increase, CDF can be promoted by Ca2+ entry through an individual Cav2.1 channel and results in an enhancement of channel Po, enabling stimulation-evoked increases in amplitude and duration of Ca2+ currents (Chaudhuri et al., 2007). Slow and fast modes of Cav2.1 gating have been proposed. The slow mode exhibits longer mean closed times and latency to first opening, slower kinetics of inactivation, and necessitates larger depolarizations to open the channel. Inactivation also occurs at more depolarized potentials in the slow compared to fast mode (Luvisetto et al., 2004). The type of β subunit modulates the prevalence of these modes, with fast and slow gating mediated by β3a and β4a subunits, respectively (Luvisetto et al., 2004), the latter of which is expressed more robustly by brain pericytes (He et al., 2018; Vanlandewijck et al., 2018). Cav2.1 channels are inhibited by GPCR activity through several distinct mechanisms—direct binding of the G protein βγ dimer can augment VDI, while voltage-independent mechanisms such as phosphorylation, depletion of essential lipids, and trafficking mechanisms also play important roles (Zamponi and Currie, 2013).

T-type (Cav3.1 and Cav3.2) channels are activated at more negative potentials, around −60 mV, with rapid gating kinetics and small single channel amplitudes (Iftinca and Zamponi, 2009; Rossier, 2016). At membrane potentials of −65 to −55 mV, these channels exhibit window currents in which the channels open but do not inactivate completely, permitting ongoing Ca2+ entry (Perez-Reyes, 2003). These channels can be modulated by the activity of a broad range of GPCRs, including those with Gα subunits that couple to PKA, PKC, and PKG, along with direct effects of Gβγ subunits (Iftinca and Zamponi, 2009).

Both L- and T-type VDCCs are expressed in cerebral SMCs (Hill-Eubanks et al., 2011; Harraz and Welsh, 2013; Harraz et al., 2014). Here, L-type channels provide Ca2+ for contraction (Nelson et al., 1990), whereas T-type channels provide negative feedback by coupling Ca2+ entry to RyR activity. Subsequent Ca2+ release via RyRs in turn activates large-conductance Ca2+-activated K+ (BK) channels to hyperpolarize the membrane (Harraz and Welsh, 2013; Harraz et al., 2014). T- and P/Q-type channel currents have not yet been observed in native pericytes, but L-type VDCC currents have been measured in the retina (Sakagami et al., 1999). Variance in the magnitude of L-type VDCC Ca2+ currents across the microvascular network has functional consequences for the degree of Ca2+ entry via these channels (Matsushita et al., 2010; Burdyga and Borysova, 2014). In the retina, L-type VDCC currents are 7.5-fold higher in SMCs as compared to capillary pericytes, suggesting that Vm changes influence intracellular Ca2+ levels to a greater degree at the level of arterioles (Matsushita et al., 2010). Indeed, extracellular K+ at 10 mM (a concentration that evokes Kir-mediated hyperpolarization) and 97.5 mM (which depolarizes the membrane to drive VDCC activity) significantly decreased and increased intracellular Ca2+ in arteriolar SMCs, respectively, but had only a marginal effect on capillary pericyte Ca2+ (Matsushita et al., 2010). Thorough characterization of native brain capillary pericyte VDCC currents and their densities is needed to advance our understanding of the contribution of these channels to pericyte Ca2+ handling.




PERICYTE Cl− CHANNELS

Cl− channels are found in the plasma membrane and that of intracellular organelles and have been implicated in the regulation of cell excitability and volume, acidification of intracellular organelles, control of muscle tone, and synaptic transmission (Jentsch et al., 1999; Nilius and Droogmans, 2003). While they are permeable to other anions (such as iodide, bromide, or nitrate), they are referred to as Cl− channels since this is the most abundant permeating anion species (Jentsch et al., 2002). Capillary pericytes express the CaCC formerly known as TMEM16A or anoctamin (Ano)1, and several members of the voltage-dependent chloride channel (ClC) family—ClC-2,−3,−4,−6, and−7 (He et al., 2018; Vanlandewijck et al., 2018). The latter four of these are Cl−/H+ antiporters and are not considered further here. Capillary pericytes also express other anoctamins that have been implicated in lipid scrambling: Ano4 and Ano6, as well as the poorly understood Ano10 (He et al., 2018; Vanlandewijck et al., 2018). Reports indicate that Ano6 may act as a Ca2+-activated Cl− and non-selective cation channel with scramblase activity (Suzuki et al., 2010; Yang et al., 2012; Grubb et al., 2013) and Ano4 was recently shown to be a Ca2+-dependent non-specific cation channel with similar scrambling capabilities (Reichhart et al., 2019).


CaCC Channels Couple Intracellular Ca2+ Increases to Depolarizing Cl− Efflux

The CaCC TMEM16A is a homodimer of two pores and ten transmembrane domains, cytosolic N- and C-termini, and an extracellular domain (Dang et al., 2017; Paulino et al., 2017). Ca2+ binding to a transmembrane region of the pore induces a conformational rearrangement that gates the channel and leads to Cl− permeation, generating a current that is outwardly rectifying with a slope conductance of ~8 pS (Yang et al., 2008; Xiao et al., 2011; Paulino et al., 2017). Ca2+ and voltage gating are closely coupled, with a stretch of 8 amino acids controlling both Ca2+ sensitivity and voltage-dependence of the channel (Xiao et al., 2011). Indeed, a remarkable feature of this channel is the voltage-dependence of Ca2+ sensitivity, with an EC50 of 2.6 μM at −60 mV and 400 nM at +60 mV. At physiological voltages, the channel is maximally activated by around 10 μM intracellular Ca2+ but concentrations exceeding this lower activation. Strong depolarization (above ~100 mV), in contrast, opens the channel even in the absence of Ca2+, despite the lack of a classic voltage sensor in the CaCC structure (Yang et al., 2008; Xiao et al., 2011). The kinetics of activation are slow at positive potentials, but are sharpened by an elevation of Ca2+, and at negative potentials channels display deactivation (Nilius and Droogmans, 2003). This interplay between Vm and intracellular Ca2+ makes the CaCC an attractive candidate for regulation of Vm in response to elevations intracellular Ca2+.

Since CaCC is sensitive to micromolar-range intracellular Ca2+ at typical resting potentials, it seems plausible that it is stimulated by local Ca2+ elevations (as opposed to global increases) such as those occurring through nearby TRPs, VDCCs, Orai channels, or IP3Rs. In keeping with this notion, cerebral SMC CaCCs are activated by TRPC6-mediated Ca2+ entry which drives vasoconstriction (Wang et al., 2016). Coupling of IP3R activity to CaCCs has also been reported in response to purinergic receptor activation, wherein CaCC-containing membrane domains are closely localized with ER regions via a physical linkage between this protein and IP3R1, facilitating exclusive communication between the two and exposing the CaCC to high Ca2+ concentrations during its release from the ER (Jin et al., 2013; Cabrita et al., 2017).

Underscoring their important role in the vasculature, targeted disruption of CaCCs from contractile vascular SMCs, mural cells and pericytes lowers systemic blood pressure (Heinze et al., 2014), whereas conversely CaCC overexpression drives hypertension (Wang et al., 2015). In vascular SMCs, the driving force for depolarizing Cl− currents comes from Cl−/HCO3− exchange and Na+/K+/Cl− cotransport which enable high intracellular Cl− concentrations (30–50 mM; Owen, 1984; Chipperfield and Harper, 2000; Kitamura and Yamazaki, 2001). Capillary pericytes in the brain express mRNA for genes encoding two of the SLC4 family Cl−/HCO3− exchangers (Slc4a2, Slc4a3) and the NKCC1 Na+/K+/Cl− cotransporter (Slc12a2) (He et al., 2018; Vanlandewijck et al., 2018), which raise the potential for similarly high intracellular Cl− concentrations. ECl with 30–50 mM intracellular Cl− and 133 mM extracellular Cl− (Longden et al., 2016) is between approximately −35 and −25 mV—more positive than resting Vm of pericytes (~-45 mV, as measured in the retina; Zhang et al., 2011), therefore under these conditions activation of CaCC would cause Cl− efflux and membrane depolarization, as seen in SMCs (Kitamura and Yamazaki, 2001; Bulley and Jaggar, 2014). While direct evidence for CaCCs in cortical capillary pericytes is currently lacking, in bladder pericytes ER Ca2+ release activates CaCCs and the resulting depolarization propagates to upstream SMCs of pre-capillary arterioles via gap junctions, where they depolarize the membrane to activate L-type VDCCs (Hashitani et al., 2018). In the pericytes of descending vasa recta, angiotensin II causes cytoplasmic Ca2+ oscillations that activate CaCC channels and depolarize Vm to approximately −30 mV (Zhang et al., 2008; Lin et al., 2010). CaCC current and membrane depolarization have also been recorded in retinal pericytes, where CaCC activation depends on unidentified non-selective cation channels (Sakagami et al., 1999) and can be evoked by GqPCR stimulation with endothelin (Kawamura et al., 2002). Thus, CaCCs in brain pericytes are predicted to depolarize Vm by coupling to a number of potential Ca2+ sources, including IP3Rs and TRP channels.



ClC Channels May Repolarize the Membrane Following Electrical Signaling

ClCs are double-barreled homodimeric channels with one ion conduction pore per monomer (Dutzler et al., 2002). Each subunit is made up of 18 α-helices which display an interesting internal anti-parallel architecture, and many of these helices are shortened and tilted which permits disparate parts of the polypeptide to come together to form the Cl− selectivity filter of the pore (Dutzler et al., 2002). The C-terminus also contains two cystathione-β-synthase domains, which regulate gating by binding ATP and ADP to decelerate the kinetics of activation and deactivation (Estévez et al., 2004; Stölting et al., 2013). ClC-2 has a unitary conductance of 2-3 pS and displays strong inward rectification. A remarkable biophysical characteristic of this channel is its slow hyperpolarization-mediated activation at potentials negative to around−40 mV, giving rise to currents that are only very slowly inactivating (Nilius and Droogmans, 2003; Bi et al., 2014). In addition to its hyperpolarization activation, it is sensitive to changes in cell volume and extracellular pH and is also activated by PKA (Nilius and Droogmans, 2003; Bi et al., 2014). As we have suggested previously for hyperpolarizing electrical signals generated in cECs, ClC-2 is an attractive candidate for mediating membrane repolarization (Garcia and Longden, 2020), in that its slow activation kinetics would enable Kir-mediated electrical signals to be generated and sent upstream before ClC-2 mediated Cl− current fully develops to repolarize the membrane. Accordingly, ClC-2 may fulfill a similar role in pericytes to initiate membrane repolarization in the wake of electrical signals generated by KATP and Kir channels.




FURTHER CHANNELS IN PERICYTES

Capillary pericytes express an array of other ion channels, including the ubiquitous two-pore channels (TPCs), voltage-gated Na+ (Nav) channels, P2X receptors, and acid-sensing ion channels (ASICs; Table 1 and Figure 4). Due to their lower expression and dearth of functional data in capillary pericytes, detailed discussion of these channels is beyond the scope of this review, although we touch briefly upon the function of Piezo1 channels and P2X receptors.


P2X Receptors

The ubiquitous purine ATP has received attention as a putative gliotransmitter (Pelligrino et al., 2011) and acts as an endogenous agonist at P2Y GPCRs and the cation-selective ionotropic P2X receptors, permeable to Na+, K+, and Ca2+ (Khakh et al., 2001). P2X receptors are trimmers consisting of intracellular N- and C-termini, a large extracellular domain containing the ATP binding site, and two transmembrane segments that line an integral ion pore (Kawate et al., 2009). Capillary pericytes express mRNA for P2X1 and P2X4 receptors (Table 1), which have a pCa2+/pNa+ of ~5 and 4.2, respectively (Khakh et al., 2001). Thus, pericyte P2X receptors could function as sensors transducing ATP released into the local environment into Ca2+ elevations. Several studies have also suggested P2X7 receptors are functionally expressed in cultured human and freshly isolated rat retinal pericytes (Kawamura et al., 2003; Sugiyama et al., 2005; Platania et al., 2017), though it should be noted that our expression data do not unambiguously support the expression of this P2X isoform in CNS pericytes.



Piezo1

Piezo1 is a large (2,521 amino acids in humans) mechanosensitive cation channel, with three identical subunits, thought to have 38 transmembrane segments, that form a central ion conduction pore with surrounding peripheral domains shaped like propeller blades (Coste et al., 2010; Zhao et al., 2016, 2018; Wu et al., 2017). Functional channels have a single channel conductance of 29 pS and a current that rapidly activates and then decays on a millisecond timescale (Coste et al., 2010, 2015; Zhao et al., 2018). In ECs, piezo1 can be activated by fluid shear stress, and has been implicated in blood flow regulation, vascular development and remodeling, and permeability (Li et al., 2014; Ranade et al., 2014; Friedrich et al., 2019). Piezo1 may play similar roles in capillary pericytes to mechanosensitive TRP channels in detecting changes in blood flow, vessel diameter, or paravascular fluid shear stress.




A BIRDS-EYE VIEW OF PERICYTE G-PROTEIN COUPLED RECEPTORS

Pericytes express a huge variety of GPCRs (Table 2 and Figure 4) enabling them to transduce a vast array of extracellular stimuli into intracellular responses. As outlined above, many of the signaling pathways triggered by GPCR signaling impinge upon ion channel activity and thus regulate pericyte Vm and intracellular Ca2+.

Assessment of the general characteristics of the list of GPCRs expressed by pericytes is revealing. The majority of pericyte GPCRs primarily interact with Gi/o α subunits. This is closely followed by Gq-coupled GPCRs, then those that are Gs-coupled, and the remainder couple primarily to G12/13. Perhaps tellingly, expression of the Gnas gene, encoding the Gs α subunit, is ~5 times higher than those collectively encoding Gq/11 α subunits, more than double that of Gi/o α subunit genes, and more than 12 times in excess of G12/13 genes (He et al., 2018; Vanlandewijck et al., 2018). Thus, while a wider variety of pericyte receptors may couple to depolarizing, Ca2+-elevating processes, it appears that hyperpolarizing Gs signaling may be a favored intracellular transduction pathway.

Around 12% of the receptor subtypes expressed by pericytes are promiscuous/pleiotropic in their G-protein coupling, the degree of which will depend on the expression levels of the signaling elements involved and their local densities and organization within GPCR signaling platforms. One such example is the highly-expressed A2A adenosine receptor which couples primarily to Gs, but also interacts with Gq and others (Olah, 1997; Fresco et al., 2004). Such promiscuity could represent an inbuilt feedback mechanism to prevent Vm being locked at hyperpolarized potentials by K+ channel activity, by facilitating recruitment of additional transduction pathways to promote repolarization. In contrast, the promiscuity in signaling exhibited among receptors that couple to Gq, Gi/o, and G12/13 would serve to reinforce depolarization. For example, the highly expressed S1P3 and PAR1 receptors frequently exhibit coupling to not just Gi/o, but also to both Gq and G12/13 α subunits (Tobo et al., 2007; Means and Brown, 2009; Yue et al., 2012).

At the time of writing, a significant portion of GPCRs expressed by pericytes (Table 2) remain orphan receptors with little functional data available. Strikingly, one such orphan, GPRC5C, is the 4th most robustly expressed GPCR in these cells. Given this lack of data, we omit this group from further discussion.



G-PROTEIN COUPLED RECEPTOR STRUCTURE AND SUBCLASSES

The GPCR family represents the largest family of mammalian proteins (Lagerström and Schiöth, 2008; Katritch et al., 2014) sharing a common 7-transmembrane topology with an extracellular N-terminus and intracellular C-terminus. G-protein heterotrimers are organized into four principal categories based on the similarity of function and homology in their α subunits: Gs, Gi/o, Gq/11, and G12/13 (Simon et al., 1991; Dupré et al., 2009). Broadly, the roles of these Gα subunits are to stimulate/inhibit production of cAMP by adenylate cyclase (AC; Gs and Gi/o, respectively), to activate PLC (Gq/11), and to activate Rho guanine nucleotide exchange factors (GEFs) (G12/13) (Hanlon and Andrew, 2015). The Gβγ subunit also activates downstream signaling elements and plays a role in GPCR mediated intracellular signaling (Dupré et al., 2009). Below, we outline how signaling through these pathways may modulate the activity of pericyte ion channel activity and consequently Vm and Ca2+ signaling, and we explore what the GPCRs expressed by pericytes might be able to tell us about NVC mechanisms.



PKA AS A Gs- AND Gi/o-CONTROLLED MODULATOR OF ION CHANNEL FUNCTION

In pericytes, Gs stimulation and subsequent PKA engagement is likely to drive phosphorylation of a number of ion channel targets including KATP, a range of TRP channels, VDCCs, and IP3Rs—modulating their activity and thus Vm and cellular behavior (Figure 9). GsPCR activation leads to association of the Gαs subunit with a cleft in the C2 domain of AC, catalyzing the conversion of ATP to cAMP (Sadana and Dessauer, 2009). cAMP then activates PKA by binding to its two regulatory subunits, inducing the dissociation of two catalytic subunits, enabling their subsequent phosphorylation of downstream targets (Sassone-Corsi, 2012). In contrast, Gi/o activation inhibits AC, opposing GsPCR activity. Here, Gαi/o binds to the C1 domain of AC to inhibit enzymatic activity, although this is limited to the AC-I, -V, and -VI isoforms (Sadana and Dessauer, 2009).
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FIGURE 9. Potential Gs- and Gi/o-coupled GPCR–ion channel interactions in capillary pericytes. GsPCR activation promotes (green) adenylate cyclase (AC) activity, whereas Gi/oPCR activation inhibits (red) AC. AC in turn generates cAMP from ATP, which stimulates PKA activity. PKA interacts with a broad range of ion channels. In pericytes, its activity is expected to couple to plasma membrane K+ and VDCC activity, with mixed effects on TRP channel activity. K+ channel hyperpolarization will oppose VDCC activity and thus the overall effect of Gs stimulation is membrane hyperpolarization.



Gs-cAMP-PKA Signaling Augments Hyperpolarizing K+ Currents in Pericytes

Kir channels are likely key determinants of pericyte Vm, and as noted previously KATP channel activity is bidirectionally modulated by cAMP levels. At tonic, low concentrations of cAMP, PKA increases vascular KATP channel activity by phosphorylating multiple sites on the pore-forming and regulatory subunits (Quinn et al., 2004; Shi et al., 2007, 2008b). At higher concentrations, cAMP conversely inhibits KATP channel activity in a Ca2+-dependent manner via engagement of the ubiquitous exchange protein activated by cAMP (Epac)-1 (Purves et al., 2009). PKA is preferentially activated by cAMP over Epac1, exhibiting a 30-fold lower EC50 (~1 vs. 30 μM; Purves et al., 2009). Accordingly, it seems that Gs activity will preferentially favor membrane hyperpolarization through KATP engagement. Consistent with this, activation of Gs-coupled adenosine receptors leads to a dramatic increase in retinal pericyte K+ currents (Li and Puro, 2001). High-level accumulation of cAMP might in turn be expected to act as an inbuilt concentration-based feedback mechanism to inhibit the channel through Epac1 engagement.

In addition to such concentration-dependent regulation of channel activity, spatial considerations are important in determining the functional outcome of cAMP elevations. The assembly of ACs and phosphodiesterases into membrane-bound scaffolds organized around A-kinase anchoring proteins (AKAPs) has been suggested to facilitate the generation of microdomains of cAMP (Arora et al., 2013; Lefkimmiatis and Zaccolo, 2014). Such compartmentalization may facilitate specific, local adjustment of, for example, KATP channel activity in a select part of the cell (e.g., a thin-strand process or around a peg-socket junction in the case of pericytes) without impacting ion channels in other regions.

Complementary to the activation by PKA that KATP channels exhibit, Kir2.2 is also positively regulated by PKA (Zitron et al., 2004). Moreover, several Kv isoforms expressed by pericytes exhibit PKA sensitivity, in that the activity of Kv7.4/7.5 heteromers or Kv7.5 homomers is potentiated by PKA activation (Mani et al., 2016). Kv2.1 membrane trafficking is also controlled by a PKA-dependent mechanism (Wu et al., 2015). Collectively, these data suggest a key stimulatory role for Gs-cAMP-PKA signaling in the regulation of pericyte K+ channels, along with potential negative feedback mechanisms to prevent over-activation.



Gs-Mediated Reduction of TRP Channel Activity Complements K+ Channel Engagement

TRP channels are extensively regulated by Gs activity, and in contrast to K+ channels this typically leads to a decrease in activity. Focusing on the TRP isoforms expressed by pericytes, TRPC3, TRPC4, TRPC6, and TRPML1 are all inhibited by PKA phosphorylation (Vergarajauregui et al., 2008; Nishioka et al., 2011; Sung et al., 2011). In contrast, TRPM4 exhibits activation as a result of Gs stimulation in an Epac1-and IP3R-mediated Ca2+ release-dependent manner (Mironov and Skorova, 2011), and TRPM7 can also be potentiated by PKA (Takezawa et al., 2004). Phosphorylation of TRPP1 by PKA also increases channel Po (Cantero del Rocío et al., 2015).

Thus, regulation of TRP channels via PKA is complex but it appears that this will to lean toward PKA-dependent inhibition of currents in pericytes. This reinforces the notion that engagement of PKA will shift the balance of ion channel activity to favor membrane hyperpolarization via K+ channel activity, while reducing Na+ and Ca2+ influx via TRP channels.



Gs Activation May Promote Increases in Intracellular Ca2+

As noted, augmentation of Cav1.2 is primarily dependent on PKA phosphorylation of Rad to relieve channel inhibition (Liu et al., 2020). PKA phosphoregulation of Cav1.2 is also dependent on the AKAP isoform present in the macromolecular environment of the channel: AKAP15 permits sensitization of the channel whereas calcineurin associated with AKAP79 suppresses PKA-mediated increases in Cav1.2 activity via dephosphorylation (Fuller et al., 2014). scRNAseq data (He et al., 2018; Vanlandewijck et al., 2018) indicate that pericytes express AKAP79 at low levels whilst expressing high levels of AKAP15, suggesting Gs-stimulation in pericytes will favor increases in Cav1.2 channel activity. Along similar lines, an increase in PKA activity induces sensitization of Cav1.3 (Mahapatra et al., 2012), and Cav3.1 currents are augmented in a cAMP/PKA-dependent manner (Li et al., 2012). Moreover, the current of Cav3.2 is increased by cAMP, an effect that depends upon AKAP79/150, and its gene expression is also up-regulated by Gs-signaling, suggesting a mechanism for long term T-type VDCC regulation (Liu et al., 2010; Sekiguchi and Kawabata, 2013). Accordingly, PKA activity should increase VDCC channel activity but, due to its voltage-dependence, in the broader context of the pericyte ion channel repertoire this must be weighed against simultaneous increases in activity of multiple K+ channels which will hyperpolarize Vm and keep VDCCs closed.

IP3Rs also possess phosphorylation sites for PKA (Ferris et al., 1991a; Vanderheyden et al., 2009) and can also be directly influenced by cAMP (Tovey et al., 2010), allowing for direct crosstalk between cAMP and Ca2+ release pathways. Indeed, phosphorylation by PKA induces an increase in sensitivity of the receptor for IP3, promoting IP3-induced Ca2+ release, while Epac1 activation also potentiates Ca2+ release (Vanderheyden et al., 2009; Mironov and Skorova, 2011).

Drawing all of these threads together, the complement of PKA targets and their relative expression levels in pericytes suggests that the Gs-coupled receptors here likely primarily transduce stimuli into Vm hyperpolarization, but may in some cases also elevate intracellular Ca2+ via release from stores.



The Gs Receptor Complement of Pericytes Suggest a Range of Potential Mediators for the Regulation of Blood Flow

Pericytes express a range of receptors that couple to Gs–of particular note are the adenosine A2A receptor, the PACAP receptor, PAC1, the prostacyclin IP receptor and the PTH-type 1 receptor (PTHR1). The expression of these suggests the possibility that their endogenous agonists could be released onto pericytes during neuronal activity to evoke membrane hyperpolarization and electrical signaling to increase blood flow (Figure 6).

The vasodilatory effects of adenosine, an abundant metabolic byproduct, have long been appreciated (Drury and Szent-Györgyi, 1929). In the brain, adenosine is released into the extracellular space by widely-expressed nucleoside transporters, or more commonly accumulates through the extracellular catabolism of ATP by ectonucleotidases (Cunha, 2016). Recent in vivo work showing a reliable correlation between extracellular adenosine accumulation and rapid increases in local O2 suggest that adenosine is capable of acting as a neurovascular coupling mediator (Wang and Venton, 2017), and clear links have been established between sensory stimulation, adenosine receptor engagement, and increases in cerebral blood flow (Ko et al., 1990; Dirnagl et al., 1994). The precise cellular and molecular mechanisms underlying this linkage remain to be determined, and actions through pericyte adenosine receptors are a strong candidate for mediating these effects.

Considering prostanoids also, blockade of Gs-coupled IP receptors impairs neuronal activity-evoked vasodilation (Lacroix et al., 2015), which suggests a role for the classic vasodilator prostacyclin—produced in the same metabolic pathway as PGE2—in NVC. This possibility remains little explored, but the expression of IP receptors in pericytes provides a potential target for capillary endothelium-generated prostacyclin.

PACAP is a 27- or 38-amino acid neuropeptide that is an extremely potent vasodilatory agent (Koide et al., 2014). PACAP polypeptides are produced throughout the brain where they act as neurotransmitters and also have neurotrophic effects. These peptides are released by both neurons and astrocytes during activity and thus PACAP accumulation in the paravascular space could feasibly activate pericyte Gs-coupled PAC1 receptors (Johnson et al., 2020), warranting further exploration of their potential involvement in NVC.

Finally, PTHR1 binds the endocrine ligand PTH and the paracrine ligand PTH-related protein-1 (PTHrP-1) (Vilardaga et al., 2011). Intriguingly, PTH binding to PTHR1 triggers sustained and prolonged cAMP production by retaining the intact ligand-receptor complex even after endocytosis (Ferrandon et al., 2009). This could have important implications for pericyte Gs signaling if PTH is released during neuronal activity.



Gi/o-Coupled P2Y14 Receptor Signaling May Impart Sensitivity to Local Metabolic Substrate Availability

The purinergic family P2Y14 receptor is the most robustly expressed GPCR in pericytes. This receptor signals through Gi/o and is activated by uridine diphosphate (UDP) and nucleotide sugars—most potently by UDP-glucose (Harden et al., 2010). UDP-glucose is synthesized from glucose and acts as a glucose donor in the synthesis of glycogen, which is present at modest levels in the brain (Leloir et al., 1959; Breckenridge and Crawford, 1960; Öz et al., 2015). This and related nucleotide sugars also act as donors for glycosylation in the ER lumen and Golgi apparatus (Berninsone and Hirschberg, 1998), and as a consequence these molecules are thought to be released under basal and simulated conditions from a broad range of cells, primarily through vesicular transport accompanying glycoconjugate delivery to the cell membrane (Harden et al., 2010; Lazarowski, 2012). The released nucleotide sugars have been hypothesized to act in an autocrine or paracrine manner on local P2Y14 receptors (Lazarowski and Harden, 2015), and as the hydrolyzation of UDP-glucose is three times slower than that of ATP, this has been suggested to result in long-duration signaling (Lazarowski, 2006). As its synthesis is dependent on glucose, we speculate that UDP-glucose signaling through P2Y14 may function to notify pericytes of local energy substrate availability: in conditions of ample glucose, UDP-glucose maintains activity of P2Y14, which through Gi/o signaling would counterbalance cAMP generation and prevent PKA activation of KATP and other K+ channels. In the event that glucose levels fall, such as during neuronal activity (Hu and Wilson, 1997; Paulson et al., 2010; Li and Freeman, 2015; Pearson-Leary and McNay, 2016) or in situations of metabolic stress, the loss of this negative feedback could be relieved, leading to cAMP elevations and engagement of KATP and other K+ channels to increase blood flow and replenish local glucose.



mGluR3 and mGluR7 May Impart Glutamate Sensing Capabilities to Pericytes

The Gi/o-coupled metabotropic glutamate receptors mGluR3 and mGluR7 are both localized in presynaptic terminals of GABAergic and glutamatergic synapses, and mGluR3 is also found in glia (Harrison et al., 2008; Palazzo et al., 2016). Like other mGluRs, these receptors contain a large N-terminal venus flytrap domain with a glutamate binding site that dimerizes with that of neighboring mGluRs. mGluR7 has a comparatively low affinity for glutamate and is thus activated only by its accumulation at high extracellular concentrations, but is also activated by elevations of intracellular Ca2+ through CaM interactions with its C-terminal tail. In neurons activity of these receptors exerts a hyperpolarizing influence that depresses synaptic activity through the lowering of cAMP, activation of G protein-coupled Kir (GIRK) channels and the inhibition of VDCCs (Niswender and Conn, 2010). Pericytes do not express GIRKs, but they do express a range of VDCCs (Table 1). Thus, although the physiological roles of mGluRs in pericytes remain to be ascertained, their expression here implies that any glutamate elevations in the vicinity of pericytes could drive cAMP inhibition via mGluR3 and mGluR7 activation, and a reduction in Ca2+ entry via VDCCs.




PKC TARGETS: Gq-DEPENDENT MODULATION OF PERICYTE ION CHANNELS

Activation of the Gq α subunit stimulates phospholipase C (PLC), which mediates the conversion of membrane phospholipids to DAG and IP3, inducing PKC activation and Ca2+ release, respectively, which may affect a broad range of ion channels (Figure 10). We focus below on the ramifications of PKC signaling.


[image: Figure 10]
FIGURE 10. Potential GqPCR-ion channel interactions in capillary pericytes. GqPCR activation engages PLC, leading to the hydrolysis of PIP2 into IP3 and DAG. IP3 evokes Ca2+ release from the ER via resident IP3Rs, which may engage CaCCs and KCa channels. DAG stimulates PKC which has mixed effects on the TRP channels expressed by pericytes, promotes VDCC activity, and inhibits KATP, Kir, and Kv channels. The net effect of engagement of GqPCRs is thus membrane depolarization and intracellular Ca2+ elevation.



Gq-DAG-PKC Signaling Will Promote Depolarizing Currents in Pericytes

Activated PKC phosphorylates a diverse range of ion channels and is thus capable of exerting considerable influence on Vm. PKCs are divided into three subfamilies depending on their activation requirements: conventional PKCs require DAG, Ca2+ and a phospholipid for activation; novel PKCs require DAG but are independent of Ca2+; atypical PKCs require neither of these (Newton, 2010). CNS capillary pericytes express PKC isoforms from each of these subfamilies (Table 3).


Table 3. Expression of PKC isoforms in brain capillary pericytes, and their modes of activation and regulation.
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All three IP3R isoforms can be phosphorylated by PKC. PKC phosphorylation of IP3R1 is potentiated by prior phosphorylation by PKA and increases Ca2+ release (Ferris et al., 1991a,b; Vermassen et al., 2004; Vanderheyden et al., 2009). In contrast, IP3R2 and IP3R3 are each inhibited by Ca2+-sensitive, conventional PKCs (Arguin et al., 2007; Caron et al., 2007).

Kir channels are also extensively regulated by PKC, where phosphorylation inhibits Kir6.1-containing KATP channels, contrasting starkly with the stimulatory effects of PKA. This phosphorylation is graded—multiple serine residues (ser-354,−379,−385,−397, and−397 in the Kir6.1 C-terminal domain) can be phosphorylated, and the degree of inhibition is proportional to the number of these sites that receive a phosphoryl group from PKC (Shi et al., 2008b). In pericytes this graded response to PKC for the highly expressed KATP channel could provide a means to fine tune activity, by permitting the degree of local Gq signaling to oppose the stimulatory effects or PKA or ATP depletion. PKC also regulates the membrane density of Kir6.1, in that the PKCε isoform induces internalization of the receptor in a caveolin-dependent manner (Jiao et al., 2008), providing another avenue to decrease KATP channel activity. Likewise, Kir2.2 has multiple sites that inhibit channel current upon phosphorylation by PKC, but the graded PKC phosphorylation observed for Kir6.1 is absent (Kim et al., 2015; Scherer et al., 2016).

TRP channels are subject to complex regulation by Gq activity, with important roles for DAG, detailed above, and PKC. TRPC3 and TRPC6 in particular are inhibited by PKC despite activation by other elements of the Gq signaling cascade (Bousquet et al., 2010; Earley and Brayden, 2015), and TRPC1 is in contrast activated by PKC (Xiao et al., 2017). TRPM4 can be phosphorylated by PKC to sensitize the receptor to Ca2+ (Nilius et al., 2005), which augments Na+ entry in response to subsequent local Ca2+ elevations.

Cav1.2 currents are enhanced by phosphorylation at Ser1928 by PKC isoforms from each subfamily (PKCα, PKCε, and PKCζ), permitting a broad range of conditions to regulate VDCC activity (Yang et al., 2005). As pericytes express members of all three subfamilies of PKC, regulation of Cav1.2 activity may be similarly robust in these cells. Cav1.2 surface expression is also increased within minutes of Gq stimulation via a PKC-dependent increase in channel trafficking to the plasma membrane (Raifman et al., 2017). In contrast, Cav1.3 is negatively regulated by both conventional and atypical PKC isoforms (PKCβ2 and the PKCε, respectively), both of which are expressed in CNS pericytes (Table 3). As for T-type channels, Cav3.1 activity is stimulated by PKC phosphorylation, independently of trafficking (Park et al., 2006), and Cav3.2 is negatively regulated by Ca2+-independent PKCη phosphorylation (Zhang Y. et al., 2018), although PKCη is absent in pericytes.

PKCα also activates CaCCs to promote Cl− efflux, where phosphorylation shifts the EC50 of intracellular Ca2+ from 349 to 63 nM for channel activation at −80 mV (Dutta et al., 2016).

Pulling these threads together, it seems that PKC activation as a result of Gq activity in pericytes will contrast with the effects of Gs-cAMP-PKA signaling by enhancing activity of depolarizing ion channels such as VDCCs, TRP channels, and CaCCs while inhibiting hyperpolarizing channels such as KATP and Kir. Given that Gq activity also induces the release of Ca2+ from intracellular stores via IP3Rs, Ca2+-sensitive PKC activation may act as a further amplification loop to increase the signal:noise ratio of Gq signaling and promote Ca2+ accumulation and depolarization.



Thromboxane and ETA Receptors Are Gq-Coupled Mediators of SMC Constriction That Are Robustly Expressed by Capillary Pericytes

The Gq-coupled thromboxane (TP) receptor is well-known to induce vasoconstriction by SMCs (Dorn and Becker, 1993) and contractile mural cells of 1st−4th order vessels (Mishra et al., 2016). The TP receptor's endogenous agonists include a range of eicosanoid lipids that are generated from arachidonic acid (AA), which is initially mobilized from membrane phospholipid pools by the action of Ca2+-dependent phospholipase A2 (PLA2; Balsinde et al., 2002). Subsequently, cyclooxygenase or prostaglandin H2 (PGH2) synthase enzymes convert AA to PGH2, a potent agonist of the TP receptor. Further processing of PGH2 yields thromboxane-A2 (TxA2), a still more potent agonist (Bos et al., 2004; Woodward et al., 2011). Alternatively, AA can be shuttled down a cytochrome P450 ω-hydroxylase pathway to generate the TP agonist 20-HETE (Miyata and Roman, 2005). The contractile influence of 20-HETE has been suggested to play a major role in determining the diameter of cerebral arterioles and thus controlling brain blood flow (Attwell et al., 2010), and the activation of TP receptors has also been suggested to cause mild, slow contractions of capillary pericytes (Fernández-Klett et al., 2010). It is unknown whether pericyte TP receptors are basally active to produce this effect in vivo, but subtle changes in capillary diameter induced by this process could regulate local blood flow over the long term, dependent on the local levels of these agonists.

The ETA receptor shares broad similarities with the TP receptor. Its principal transduction pathway is also Gq—although coupling to other G proteins such as G12/13 has been noted—and similar to the TP receptor, its activation evokes robust SMC contractions (Sokolovsky, 1995; Horinouchi et al., 2013; Davenport et al., 2016). The agonist of the ETA receptor, Endothelin-1, is constitutively released by ECs, SMCs, neurons and astrocytes (Russell and Davenport, 1999; Thorin and Webb, 2010; Freeman et al., 2014). In culture, release of endothelin-1 from ECs has been noted to drive changes in pericyte morphology through reorganization of F-actin and intermediate filaments (Dehouck et al., 1997), suggesting that ECs could regulate their coverage by pericyte processes through ETA signaling. In the context of Alzheimer's disease, aberrant ETA signaling caused by amyloid β accumulation results in capillary constriction by overlying pericytes which may limit oxygen and glucose delivery to the parenchyma (Nortley et al., 2019).

As described above, signaling through these receptors is expected to oppose Gs-cAMP-PKA signaling while promoting membrane depolarization and elevation of Ca2+.



Crosstalk and Control of G Protein Signaling Pathways

The preceding discussion illustrates that many channels expressed by pericytes are differentially regulated by PKA and PKC phosphorylation, and thus their activity will depend in part on the balance of activity between these pathways. Crosstalk between these pathways also occurs at the level of effectors, in addition to ultimate phosphorylation targets. For example, the Gq and Gi/o pathways oppose the Gs pathway at the level of AC, which can be Ca2+ sensitive and modulated by PKC, dependent on isoform (Chern, 2000). Indeed, the most highly expressed AC isoform in brain pericytes is ACVI (Table 4), which is regulated by PKC, Gi/o, Ca2+, and Gβγ (Chern, 2000; Sadana and Dessauer, 2009). This regulation is mirrored for Gs acting on the Gq pathway, where PKA can directly inhibit the activity of PLC via phosphorylation (Nalli et al., 2014). Accordingly, Gs- and Gq-coupled receptors functionally oppose one another at multiple levels of their transduction pathways, which will help push the membrane potential toward either hyperpolarization or depolarization, respectively.


Table 4. Expression of isoforms of adenylate cyclase (AC) by CNS pericytes.
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Another layer of control is provided by regulators of GPCR signaling (RGS)—small proteins that regulate the duration and intensity of GPCR signaling by driving GTPase activity of the Gα subunit and accelerating the hydrolysis of GTP, thereby inactivating their target (Ross and Wilkie, 2000; Kach et al., 2012). Capillary pericytes express high levels of RGS4 and 5 (Bondjers et al., 2003; He et al., 2018; Vanlandewijck et al., 2018) that act as GTPase activating proteins for Gi/o and Gq/11 subunits, while seemingly sparing Gs (Berman et al., 1996; Watson et al., 1996; Hepler et al., 1997; Huang et al., 1997; Cho et al., 2003; Gunaje et al., 2011). Intriguingly, RGS4 is known to be phosphorylated by PKA and PKG, which stimulate its activity, accelerating the deactivation of Gq/11 and inhibiting the hydrolysis of phosphoinositide to IP3 (Huang et al., 2007). Therefore, RGS engagement in pericytes may complement and amplify the hyperpolarizing effects of Gs signaling by stifling the depolarizing influences of Gi/o and Gq/11.




RhoA TARGETS: G12/13-SIGNALING

Capillary pericytes express several G12/13-coupled receptors, including a range of lysophospholipid receptors with important roles in lipid signaling, the promiscuous protease activated receptor PAR1, and several orphan receptors (Table 2). G12/13 activation couples to a number of interacting partners including cadherins, AKAPs, non-receptor tyrosine kinases and protein phosphatases, though its interaction with Ras homolog family member A (RhoA) is the best characterized (Worzfeld et al., 2008). In SMCs, RhoA engagement of its downstream effector Rho-associated kinase is known to contribute to a range of receptor-mediated contractile responses (Swärd et al., 2003).

RhoA is also frequently observed to be activated downstream of ion channel engagement, including TRPC6 and TRPM7 channels (Canales et al., 2019) and VDCCs (Fernández-Tenorio et al., 2011). RhoA modulating ion channel activity is less frequently reported, but RhoA may indirectly modulate Vm on slow time scales by promoting the endocytosis and translocation of channels such as Kv1.2, IP3Rs, and TRPC1 (Mehta et al., 2003; Mayor and Pagano, 2007; Stirling et al., 2009) and possibly KATP channels (Foster and Coetzee, 2015). Effects of RhoA on Kir2.1 channel activity have also been reported, although the mechanistic details of this interaction have not been fully clarified (Jones, 2003).



Gβγ SIGNALING AND PERICYTE FUNCTION

Initially, the Gβγ subunit was viewed as a negative regulator of the Gα subunit, serving to increase signal:noise ratio and specificity of signaling by preventing aberrant Gα activity in the absence of an agonist, but has since been found to be an active effector in its own right (Dupré et al., 2009), and may play important roles in pericyte physiology. Gβγ interacts with a range of canonical effectors (for example PLCβ, AC, GIRKs; Chern, 2000; Smrcka, 2008) along with a growing list of non-canonical effectors such as mitochondrial ATP synthase, a range of nuclear transcription factors, cytoskeletal regulators involved in motility, and constituents of the extracellular signal regulated kinase (ERK) pathway. These interactions implicate Gβγ in signaling roles as diverse as regulation of transcriptional activity, modulation of mRNA processing, control of nuclear import/export, cell motility, and oxidative phosphorylation (Khan et al., 2016). In addition to regulation of AC VI (Sadana and Dessauer, 2009)—the most highly expressed pericyte AC isoform (Table 4)—Gβγ signaling may also exert direct effects on pericyte Vm through activation of Kv7.4 (Stott et al., 2015). In contrast Cav2.1, Cav3.2, and TRPM3 can be inhibited through Gβγ-dependent mechanisms (Hu et al., 2009; Zamponi and Currie, 2013; Alkhatib et al., 2019).



PERICYTE GPCRs THAT COUPLE TO MULTIPLE G PROTEINS

The previously discussed GPCRs are largely selective in their G protein coupling, allowing for precise intracellular signaling in response to a range of stimuli. However, many GPCRs that are highly expressed in pericytes are capable of signaling through multiple G proteins. This may represent pleiotropy—physiological activation of different G proteins in response to differing signals—or promiscuity, i.e., engaging in non-preferred G protein interactions due to high levels of receptor expression or excessive stimulation (Maudsley et al., 2005). Here, we review examples of highly-expressed pericyte GPCRs with a tendency to couple to multiple G proteins.


S1P Receptors

Sphingosine-1-phosphate (S1P) is a lipid mediator formed through the action of ceramidase on lipids of the plasma membrane (Ksiazek et al., 2015). S1P is constitutively released by erythrocytes and its plasma concentration strongly correlates with hematocrit (Selim et al., 2011; Ksiazek et al., 2015). The transporter-mediated release of S1P from ECs has also been documented (Kerage et al., 2014) along with the export of the enzyme that catalyzes its formation, sphingosine kinase (Ancellin et al., 2002). This leads to S1P signaling in the vasculature, which is particularly important for maintenance of the BBB (Janiurek et al., 2019), vasoconstriction (Salomone et al., 2010), angiogenesis, and regulation of vascular tone at the level of arterioles (Kerage et al., 2014).

Pericytes are ideally positioned to sense the release of S1P from local ECs. The actions of S1P are mediated through a family of receptors that act through Gi/o, Gq, and G12/13 signaling, with S1P2 and the robustly expressed S1P3 coupling to each of these (Means and Brown, 2009). Accordingly, S1P sensed by pericytes is expected to promote PLC engagement, Ca2+ elevations, a fall in cAMP, and depolarization, but further information as to the physiological roles of signaling through these receptors awaits experimental attention. As pericytes are critical for the maintenance of blood-brain barrier tightness (Armulik et al., 2010), it is possible that S1P signaling contributes to this process. S1P signaling also strengthens contact between ECs and pericytes in culture through a mechanism involving the trafficking and activation of the adhesion molecule N-cadherin by ECs (Paik et al., 2004), and it is thus possible that this is mirrored in pericytes to contribute to this interaction and maintain peg-socket junctions.



PAR1 May Regulate Pericyte Thin-Strand Processes

Protease-activated receptor (PAR) 1 is a member of the PAR family and is stimulated by external proteases such as thrombin and trypsin. The proteolytic action of these enzymes on the extracellular domain of the receptor reveal an N-terminal tethered ligand sequence, exposure of which results in irreversible activity of the receptor that is halted only by its internalization (Soh et al., 2010). PARs are broadly expressed in the neurovascular unit, found in neurons, glia, ECs and SMCs, as well as pericytes. PAR1 couples to Gq, Gi/o, and G12/13, and while the release or activation of agonists for these receptors is typically associated with injury or inflammatory responses (Ma and Dorling, 2012; Yue et al., 2012), they have also been implicated in cell proliferation and differentiation, synaptic plasticity (Noorbakhsh et al., 2003), and driving vasodilation (Villari et al., 2017). Interestingly, thrombin signaling regulates morphology of fine processes in astrocytes through RhoA, and similar effects have been noted in neurons (Noorbakhsh et al., 2003). In line with this, it is possible that PAR1 signaling regulates the dynamics of pericyte process extension and retraction on capillaries (Berthiaume et al., 2018).




FRIZZLED AND ADHESION GPCRs IN PERICYTES

Finally, pericytes also express a range of members of the frizzled family of GPCRs. These are receptors for Wnt proteins, and G-protein coupling is of less importance in this group. Instead, canonical frizzled signaling occurs through the β-catenin pathway (MacDonald et al., 2009), but G protein coupling through signaling platforms assembled around the FZD-associated phosphoprotein Disheveled is also possible. The latter facilitates activation of Gq- and Gi/o-proteins to produce Ca2+ elevations and PKC engagement (Schulte, 2010; Kilander et al., 2014). Further research is required to infer the functional implications of pericyte expression of frizzled receptors, but developmental and homeostatic roles seem likely, as these are major aspects of Wnt signaling (Yang, 2012). Low levels of the adhesion class cadherin EGF lag seven pass receptors (CELSR)2 are also seen in pericytes.



CONTROL OF PERICYTE Vm BY PERICYTE ION CHANNELS AND GPCRs—CONCLUSIONS AND FUTURE PERSPECTIVES

The ion channels and GPCRs expressed by capillary pericytes represent a toolkit for the dynamic control of pericyte membrane potential and function. Among a panoply of roles for these signaling elements, the robust expression of genes encoding K+ channels and GsPCRs and their second messenger components implies an important role for pericyte membrane hyperpolarization, which we suggest contributes to long-range electrical signaling to control blood flow (Figure 6). Importantly, disturbances in blood flow and the processes that regulate it are increasingly appreciated to play a key role in a variety of pathological conditions. These include dementias such as Alzheimer's disease (AD) (Alsop et al., 2000; Iadecola, 2004; Nicolakakis and Hamel, 2011; Iturria-Medina et al., 2016), small vessel disease of the brain (Dabertrand et al., 2015; Capone et al., 2016; Huneau et al., 2018), psychological conditions such as schizophrenia (Mathew et al., 1988; Zhu et al., 2017) and chronic stress (Longden et al., 2014; Han et al., 2019), plus diabetes (Mogi and Horiuchi, 2011; Vetri et al., 2012), hypertension (Girouard and Iadecola, 2006; Capone et al., 2012), and stroke (Girouard and Iadecola, 2006; Koide et al., 2012; Balbi et al., 2017), and pericytes appear to be exceptionally sensitive to pathological perturbations (Winkler et al., 2011).

The ion channels and GPCRs that are highly expressed by brain pericytes thus have the potential to be pharmacological targets for vascular disorders, metabolic diseases, and neurodegenerative and neurological disorders (wherein for example KATP channels, IP3Rs, VDCCs, TRP channels, and GPCRs such as A2A and ETA receptors have been implicated, to name but a few; Hübner and Jentsch, 2002; Jacobson and Gao, 2006; Nilius et al., 2007; Ohkita et al., 2012; Aziz et al., 2014; Mikoshiba, 2015). Thus, furthering our understanding of the mechanisms through which pericytes contribute to blood flow control in the brain is a critical step in the search for ways in which to prevent decline or restore function in these disease contexts. The data we have discussed underscore that we are at an early stage in our understanding of how pericyte ion channels and GPCRs contribute to these functions, and warrant further studies to reveal novel mechanisms and therapeutic targets.

In the future, it will be important to determine the precise effects of both hyperpolarization and depolarization on pericyte functional outputs, for which optogenetic technologies or traditional electrophysiological approaches (Zhang et al., 2011) can be leveraged. At a deeper level, questions regarding the organization of pericyte ion channels and GPCRs await exploration—are these organized into macromolecular signaling complexes to facilitate privileged communication between complementary molecular players? Are these elements concentrated at sites to optimize cell-cell communication, such as peg-socket junctions, or distributed more broadly throughout the cell? What are the mechanisms that modulate the fidelity and gain of signaling (control of gene expression, protein trafficking, cell surface expression levels, and so on) and how are these affected in cerebrovascular disorders? The present survey of pericyte ion channels and GPCRs provides a map that can be used to guide these deeper explorations.
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During embryonic central nervous system (CNS) development, the neural and the vascular systems communicate with each other in order to give rise to a fully functional and mature CNS. The initial avascular CNS becomes vascularized by blood vessel sprouting from different vascular plexus in a highly stereotypical and controlled manner. This process is similar across different regions of the CNS. In particular for the developing spinal cord (SC), blood vessel ingression occurs from a perineural vascular plexus during embryonic development. In this review, we provide an updated and comprehensive description of the cellular and molecular mechanisms behind this stereotypical and controlled patterning of blood vessels in the developing embryonic SC, identified using different animal models. We discuss how signals derived from neural progenitors and differentiated neurons guide the SC growing vasculature. Lastly, we provide a perspective of how the molecular mechanisms identified during development could be used to better understand pathological situations.
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SPINAL CORD DEVELOPMENT

The development of the central nervous system (CNS) of vertebrates starts with the formation of the neural tube, an ectoderm-derived embryonic structure that gives rise to the brain and the spinal cord (SC). In mouse, this process starts at E7.5–E8 (embryonic day) and, as the neural tube grows and matures along the anterio-posterior axis, it partitions into the rostral and caudal vesicles. While the rostral vesicles form the prosencephalon, mesencephalon, and the rhombencephalon (together, the brain), the caudal vesicle matures into the SC (Lumsden and Krumlauf, 1996; Purves, 2008). At around E9.5, the neural tube acquires a dorsal-ventral patterning by the controlled secretion of morphogens in a time and concentration dependent manner, establishing 13 different neural progenitor domains (Jessell, 2000; Dessaud et al., 2008). The identity of these progenitors is characterized by a unique expression profile of transcription factors, essential for the specification of the different neuronal subtypes that each domain generates. These individual expression profiles result from the combination of different morphogens: the floor plate and the notochord generate a gradient of Sonic Hedgehog (SHH), the key player for the ventral axis, while the roof plate creates a gradient of Wingless-related integration site (WNTs) family members and bone morphogenic proteins (BMPs), required for dorsal SC patterning. Other important factors, such as fibroblast growth factors (FGFs) and retinoic acid (RA), have been shown to contribute to a correct positioning of the neural progenitors (Diez del Corral et al., 2003; Duester, 2008; Diez Del Corral and Morales, 2017). For more details on neural development of the SC, we refer the readers to excellent reviews (Jessell, 2000; Wilson and Maden, 2005; Dessaud et al., 2007, 2008; Sagner and Briscoe, 2019).

Interestingly, as the neural progenitors undergo active proliferation and differentiation, the developing CNS starts to be simultaneously vascularized to meet the increasing demand of nutrients and oxygen. The avascular CNS starts to be vascularized at E8.5–E9.5 in mice by the formation of the perineural vascular plexus (PNVP) from mesoderm-derived angioblasts that completely covers the entire neural tube (Hogan et al., 2004; Engelhardt and Liebner, 2014). Between E9.5 and E10.5, the first blood vessels from the PNVP start ingressing into the developing SC in a stereotypical growth pattern (Nakao et al., 1988; Himmels et al., 2017). Unlike the SC, where vessels ingress from a single vascular plexus, the neocortex is vascularized by the ingression of vessels from the PNVP and an additional periventricular plexus (PVP) (Vasudevan et al., 2008). There, intrinsic transcriptional factors (Nkx2.1, Dlx1/2, and Pax6) expressed in endothelial cells are crucial for such vessel patterning from the PVP (Vasudevan et al., 2008).

Research from the last decade suggests that during development the nervous and vascular systems actively and vitally crosstalk with each other to build a fully functional organ system (Paredes et al., 2018; Segarra et al., 2019). In the next sections, we will focus on those interactions that occur during SC development in coordination with vascularization. From the current knowledge of developmental studies in SC using different animal models, we also introduce the readers with SC pathologies and the molecular targets discovered during development that could prove beneficial during injuries and diseases.



SPINAL CORD VASCULARIZATION: FROM A SIMPLE PLEXUS TO A COMPLEX NETWORK


Development of the PNVP

The early development of the SC vasculature begins at around E8.5 in mouse embryos and around E3 in avian embryos with the formation of the PNVP, a primitive vascular network formed via the process of vasculogenesis (Noden, 1988; Kurz et al., 1996). The assembling of this vascular bed initially requires proliferation, migration, and differentiation of mesoderm-derived angioblasts, a mesenchymal cell type giving rise to the endothelial cell lineage (Noden, 1988; Kurz et al., 1996). The identification of the first key factors contributing for this process, FGF-2 and vascular endothelial growth factor (VEGF), was initially identified by experimentation in quail (Cox and Poole, 2000; Hogan et al., 2004). In avian and mouse embryos, the first primordial vascular structures neighboring the SC and fusing to the PNVP are the dorsal aorta (the major artery) and the cardinal vein (the major vein). Mice and avians present two dorsal aortas, one dorsal aorta in each side of the midline (defined by the notochord) – but fusing into a single artery in the mid-trunk region – and two cardinal veins, similarly one in each side of the midline along the entire body (Hogan and Bautch, 2004; Kurz, 2009). In avians, primitive arterial tracts connect each of the dorsal aortas to the ventral part of the PNVP, laterally to the FP, precisely where the first sprouts from the PNVP ingress into the SC. Afterward, the SC vascular circuit is closed and drained into the cardinal veins, which are connected to the PNVP in the lateral sides of the SC (Kurz, 2009). For the best of our knowledge, a similar vascular circuit in mouse has not been demonstrated yet.

In zebrafish, the PNVP forms, however, a bit different. In zebrafish, the dorsal aorta and the cardinal vein are single vessels located below the notochord and extend throughout the entire anterior-posterior axis. The PNVP surrounding the SC arises by the combination of sprouts from arterial and venous intersegmental vessels (ISVs; which sprout from the previously formed dorsal aorta and posterior cardinal vein) and vertebral arteries (VTAs; Isogai et al., 2001, 2003; Matsuoka et al., 2016, 2017; Wild et al., 2017). Bilateral VTAs are formed along the SC by sprouting from the previously established ISVs. Genetically-ablation studies have shown that this process in zebrafish is regulated by VEGF secreted from radial glia cells located in the SC (Matsuoka et al., 2017). Interestingly, not only radial glia but also SC neurons were also shown to similarly control sprouting of venous ISVs around the developing SC in zebrafish (Wild et al., 2017). SC neurons simultaneously secrete VEGF and SFLT1 and, in case of a shift in the balance toward the former, ectopic sprouting of venous ISVs (not arterial ISVs) arise and surround the SC, suggesting that the VEGF signaling affects specifically venous ECs during this development stage window (Wild et al., 2017).



Vessel Ingression Into the SC

In avians, single angioblasts are able to invade and migrate into the SC and thus contribute, together with the sprouting from the PNVP, to SC vascularization (Kurz et al., 1996). In mice, in contrast, once the PNVP is formed, vessel ingression into of the SC only occurs from new sprouts arising from the PNVP – via sprouting angiogenesis (Nakao et al., 1988; Himmels et al., 2017).

Blood vessel ingression into the SC occurs in a highly stereotypical way. At around E10.5 in mouse embryos, sprouting blood vessels from the PNVP invade the neural tissue in a very specific pattern: the first sprouts invade the ventral part of the SC in between the floor plate and MN columns and also from the lateral-ventral side in proximity with the MNs (Figure 1). VEGF, demonstrated to be important for PNVP formation, also plays a role in this initial blood vessel ingression. Interestingly, different VEGFA isoforms perturbed SC angiogenesis at different levels. While ectopic expression of VEGFA165 and VEGFA189 in quail embryos resulted in a considerable increase of vessel ingression, only a mild phenotype is observed after ectopic expression of VEGFA121 (James et al., 2009). Although VEGFA plays a role in blood vessel ingression, its expression is not specifically localized to areas of ingression, instead is broadly expressed in dorsal and ventral areas of the SC. This suggests that VEGFA is necessary but may not be the only factor controlling the location and timing of blood vessel sprouting from the PNVP (James et al., 2009). In fact, recent studies show that sFLT1 expression is also important to control the initial vascular sprouting into the SC in mouse (Himmels et al., 2017) and zebrafish (Wild et al., 2017). SC neurons (MNs in the case of mouse embryos) simultaneously secrete VEGF and sFLT1 to control the regions and timing of vessel ingression from the PNVP (Himmels et al., 2017; Wild et al., 2017).
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FIGURE 1. Stereotypical patterning of spinal cord (SC) vascularization. In normal conditions, the avascular SC starts to be vascularized at embryonic day 8.5–9.5 in mice by the formation of the perineural vascular plexus (PNVP). Between E9.5 and E10.5, blood vessels ingressing from the PNVP follow a specific invading pattern: the first vessel sprouts enter between the floor plate (FP) and motor neuron (MN) columns; subsequently they surround the MN columns and continue growing towards dorsal areas, but continuously avoiding the MNs region, the FP and part of the neural progenitors’ area (NP) for a particular development time window. At E12.5 MN columns are finally vascularized and a dense network of vessels sustains the continuous growth of the SC. Factors involved in the different steps are indicated in the table.


WNT ligands play a major role in the initial sprouting of vessels into the SC. WNT7a and WNT7b, as other family members of the WNT family, are expressed in specific regions of the SC coincident with the time of ingression of the first vessel sprouts (Parr et al., 1993; Hollyday et al., 1995; Stenman et al., 2008; Daneman et al., 2009). WNT7a/b are expressed by several ventral and dorsal neural progenitors surrounding the ventricle at E10.5 and, while single null mutants for WNT7a or WNT7b do not present any phenotype, WNT7a/b double mutants show defects in their CNS-specific vasculature with the embryos dying around E12.5 (Stenman et al., 2008; Daneman et al., 2009). Remarkably, double mutant embryos were completely devoid of vessels and pericytes in the ventral part of the SC, but presented vessels (however with abnormal morphology) in dorsal regions of the SC. The fact that vessels continue to ingress into dorsal areas after deletion of WNT7a/b might suggested a role in SC vascularization for other WNT ligands expressed by the dorsal domains (Stenman et al., 2008). Consistently, blocking the canonical WNT signaling pathway by the removal of β-catenin from endothelial cells results in a more severe phenotype with the complete absence of blood vessels in the entire SC (Stenman et al., 2008; Daneman et al., 2009). Interestingly, in those mutants PNVP formation occurs normally, indicating that WNT signaling plays a role in the initial vessel ingression but not in PNVP formation (Stenman et al., 2008). Additionally, WNT7a/b also promote blood-brain barrier (BBB) formation, as lack of WNT7 leads to a reduction of GLUT1, the main glucose transporter in ECs of the CNS (Stenman et al., 2008). Wnt7a/b signal via Frizzled receptors (Zerlin et al., 2008) and RECK (reversion-inducing cysteine-rich protein), a GPI-anchored plasma membrane protein, was shown to act as a specific co-receptor for WNT7a/b in ECs (Vanhollebeke et al., 2015; Ulrich et al., 2016; Cho et al., 2017).

GPR124 is expressed by endothelial cells and pericytes and GPR124 null mice present severe hemorrhages as early as E12.5 and embryonic lethality at E15.5 (Kuhnert et al., 2010). Interestingly, GPR124 null mice present the same developmental defects observed in WNT7a/b and β-catenin null mice, suggesting that both signaling pathways share a common mechanism (Kuhnert et al., 2010). Indeed, independent groups showed that GPR124 acts as a co-activator of WNT7a/b-specific canonical pathway in endothelial cells (Zhou and Nathans, 2014; Posokhova et al., 2015; Vanhollebeke et al., 2015). Further studies have shown that a synergetic action of RECK-Norrin-GPR124 receptors in WNT7a/b signaling to promote vascular development, and the absence of either one is enough to reduce, but not completely abolish, WNT7a/b signaling (Vanhollebeke et al., 2015; Cho et al., 2017).



Vessel Patterning Within the SC

As indicated above, the first vessel sprouts invade the ventral part of the SC in between the floor plate and MN columns and also from the lateral-ventral side in proximity with the MNs (Figure 1). At E11.5, vessels ingressing from both sites migrate toward each other and completely surround the MN columns, whereas at the same time additional sprouts branch from the previous vessels and also extend into dorsal areas of the SC, always along and in close contact with the ventricular zone occupied by the neural progenitors. Initially vessels do not ingress from the most dorsal part of the PNVP (Feeney and Watterson, 1946; James et al., 2009; Himmels et al., 2017). A considerable amount of research has been developed to try to understand this well-defined vascular patterning but still little is known about how the neural cells and growing blood vessels communicate to each other to orchestrate a correct SC vascularization pattern. Interestingly, we and others found that it is in the areas that blood vessels initially avoid (the floor plate, neural progenitors, and MN columns), where the highest amount of VEGF is detected (James et al., 2009; Ruiz de Almodovar et al., 2011; Himmels et al., 2017). This suggested that together with VEGF other factors were involved in blood vessel patterning. In line with this idea, we demonstrated how MNs control their own vascularization during a particular development time window (E10.5–E12.5) by simultaneously secreting VEGF and its decoy receptor sFLT1 in a hypoxia-inducible factor 1 (HIF1α) and neuropilin-1 (NRP1) dependent manner, respectively (Himmels et al., 2017). The importance of a perfect balance of these molecules is visible when overexpressing of VEGF in neural cells in mouse embryos or when reducing sFLT1 or NRP1 by knocking down their expression using in ovo experiments. Under those different conditions premature blood vessel ingression into MN columns occurs, showing an example of a neural-to-vessel communication mechanism that shapes SC development (Himmels et al., 2017). The importance of the balance VEGF-sFLT1 for a correct SC vascularization has also been described in zebrafish (Matsuoka et al., 2016, 2017; Wild et al., 2017).

As mentioned above blood vessels ingress from the ventral region and migrate toward dorsal areas along a well-defined path: in mice, vessels grow in close contact to the undifferentiated neural progenitors next to the ventricle while in avian vessels extend in between the undifferentiated neural progenitor zone (Sox2+) and the differentiated zone (Sox2− Tuj-1+; Takahashi et al., 2015; Himmels et al., 2017). Manipulation of these two areas in avian by locally disturbing neurogenesis originates a change in vascular patterning, suggesting that this particular growth path is controlled by the surrounding neural cells (Takahashi et al., 2015). Further, gain-of-function studies in chick embryos demonstrated that the stereotypical pattern along the neural progenitor area is achieved by the secretion of VEGF from the neural progenitors, attracting growing sprouts, but simultaneously endothelial cell response to VEGF is fine-tuned by sFLT1 secretion by ECs (Takahashi et al., 2015).

Notably, the degree of angiogenesis needs to be controlled as negative effects on the neural compartment can arise when too much VEGF is available. As shown in Himmels et al. (2017), MNs secrete VEGF and sFLT1 simultaneously to ensure that a correct level and timing of angiogenesis takes place. When this balance of factors is disrupted and excessive angiogenesis occurs, MNs are distributed incorrectly and MN axons leave the SC defasciculated (Himmels et al., 2017). When extrapolating this to situations, where axon regrowth is needed, it is possible that simply inducing regeneration of axons and angiogenesis is not enough to promote proper axon regrowth, but that angiogenesis needs to be limited to not disrupt the other process.

With respect to the specific pattern of arteries, veins, and capillaries, it is well-defined that in the adult SC the main arterial supply is achieved by the presence of segmental spinal arteries arising from the vertebral arteries, dorsal intercostal arteries, and lumbar arteries. Blood flows in the SC through these arteries and is further drained into the large and dorsal and posterior spinal veins in the SC (Farrar et al., 2015; Mazensky et al., 2017). Yet, it remains to be further characterized how the pattern of these three different vessel types appears during development.




COMMON MOLECULAR FACTORS IN DEVELOPMENT AND PATHOLOGY

CNS pathologies are multifaceted and complex pathologies characterized by cell death, axon damage/degeneration, loss of vascular integrity, disruption of the BBB and blood-spinal cord barrier (BSCB), inflammation, and ECM (extracellular matrix) remodeling (Griffin and Bradke, 2020). The BBB and BSCB are sophisticated barrier systems in which ECs and their tight junctions play a central part in association with astrocyte end-feet, perivascular macrophages, pericytes, and basement lamina (Bartanusz et al., 2011). However, they are heterogenous in concern to their expression of barrier-specific proteins and their functional permeability. Compared to brain, ECs in the SC seem to have decreased expression of adherens junction (AJ) and tight junction (TJs) proteins and show a corresponding increase in permeability to low-molecular-weight tracers (Bartanusz et al., 2011).

It is by now understood that neuronal regeneration events during pathology and embryonic development by NPCs elicit very similar transcriptomic response making them fairly similar processes (Poplawski et al., 2020). Comparably, pathways that regulate vascular development and BBB properties are also active in pathological conditions. We provide here some examples of these molecules and their signaling pathways that play a significant role during vascularization and BBB formation in the SC and also during its pathology. Due to space limitations, we took as examples the experimental autoimmune encephalomyelitis (EAE), amyotrophic later sclerosis (ALS), and arteriovenous malformations (AVMs) in the SC.

Among the available experimental models to understand the BSCB pathology, the EAE mouse model, characterized by autoimmune attack to oligodendrocytes in the CNS leading to their loss and demyelination of axons, is one of the most commonly used (Tonra et al., 2001; Muller et al., 2005; Schellenberg et al., 2007; Aube et al., 2014). Multiple reports describe changes in endothelial proliferation, vessel morphology, and increased blood vessel density in the SC and brain with EAE (Kirk and Karlik, 2003; Roscoe et al., 2009; Seabrook et al., 2010). In addition, a recent study applying the EAE model in Claudin5-GFP reporter line (with ECs expressing GFP) shows that remodeling of TJs in ECs and paracellular BSCB leakage precedes the EAE disease onset. (Lutz et al., 2017). Changes in VEGF expression and increased levels of VEGF have been described in EAE and in multiple sclerosis (MS) patients (Proescholdt et al., 2002; Su et al., 2006; Shimizu et al., 2012) and may eventually be responsible for the increase in EC proliferation and vessel density as well as for the leaky barrier (Argaw et al., 2009; Luissint et al., 2012). Once the immune system gets activated, it further exacerbates VEGF signaling cascade ending into a feedback loop that would further promote BSCB leakage and inflammation (Argaw et al., 2006, 2012). Based on this increase in VEGF expression, one of the strategies to balance the VEGF availability, learned from developmental studies, would be to promote the expression of sFLT1 that could titrate the excess of VEGF from the system (Himmels et al., 2017; Wild et al., 2017).

As mentioned above, WNT ligands are known for their specific role in CNS angiogenesis and BBB formation (Stenman et al., 2008; Daneman et al., 2009). Consistent with its role as a co-receptor for WNT ligands, GPR124 also participates in BBB formation (Kuhnert et al., 2010; Anderson et al., 2011; Cullen et al., 2011). The WNT/β-catenin signaling pathway is important for adult BBB maintenance as shown in multiple reports (Tran et al., 2016; Chang et al., 2017; Griveau et al., 2018) and is activated in CNS endothelium also in EAE and human MS during the course of disease progression (Lengfeld et al., 2017; Niu et al., 2019). The re-activation of this pathway in pathological conditions may suggest a rapid endothelial response toward restoring the barrier properties of the damaged vessels. Consistent with this hypothesis, in vivo inhibition of WNT signaling in ECs exacerbated EAE pathology with increased mortality, greater infiltration of CD4+ T cells into the CNS and more drastic myelin loss (Lengfeld et al., 2017). Interestingly, in postnatal or adult mice conditional deletion of endothelial GPR124 resulted in no defects in CNS angiogenesis, BBB development or maintenance; making GPR124 dispensable for vascular homeostasis in adult CNS (Chang et al., 2017). However, deficiency of GPR124 in a pathological mouse model of ischemic stroke or glioblastoma leads to extensive BBB leakage and hemorrhage, microvascular damage accompanied by pericyte, ECM, and TJ deficits. Thus, similar as the re-activation of the WNT signaling pathway, the GPR124-WNT signaling axis is important in maintaining vascular homeostasis during injury in adult. Considering that BSCB leakage is a primary feature of several diseases, one approach to target leakage, suggested by those studies, and by the role of the WNT/β-catenin signaling in BBB formation during development, could be to promote the activation of this pathway in ECs in pathological conditions (Liu et al., 2014; Jia et al., 2019). This was already shown in the above mentioned GPR124 deletion mouse pathology-model, where EC-specific constitutive activation of WNT signaling via activated β-catenin restored the vascular defects (Chang et al., 2017). In line with this idea, it was recently also shown that the activation of β-catenin in ECs from circumventricular organs of the CNS, which under physiological conditions lack BBB properties and are permeable, results in a tightened BBB in those regions and augmented neuronal activity (Benz et al., 2019).

Amyotrophic lateral sclerosis (ALS) is another SC and brain related disease, where the progression of MN degeneration leads to muscle atrophy, paralysis, and death. In ALS, BSCB impairment is also shown (Taylor et al., 2016). The disruption of endothelial TJ proteins like ZO1, occludin, and claudin5 seems to be the primary cause of microhemorrhages, reduced microcirculation, prior to the MN degeneration and the inflammatory response (Zhong et al., 2008). There is increasing evidence suggesting that MN degeneration is not only due to intrinsic defects, but also that the surrounding cell types like microglia, astrocytes, oligodendrocytes, and ECs may also be involved. A variety of growth and neurotrophic factors are also reported to mediate the ALS pathology (Bruijn et al., 2004). Of note, VEGF and WNTs are well studied. Mice with reduced VEGF levels (Vegfδ/δ mice) present reduced neural vascular perfusion and progressive MN degeneration, mimicking the human ALS (Oosthuyse et al., 2001). Multiple studies have shown the importance of VEGF in decelerating the disease outcome and providing a protective effect for MNs by both maintaining proper vessel perfusion and by acting directly on MNs as a survival factor (Lange et al., 2016). The underlying pathophysiological mechanisms leading to the MN degeneration and fatal outcome observed in ALS also seems to be linked to WNTs (Chen et al., 2012; Yu et al., 2013; Tury et al., 2014; Gonzalez-Fernandez et al., 2016, 2020; Bhinge et al., 2017). SOD1G93A ALS mice, as well as ALS patients, present a dysregulation in WNT signaling with upregulation or downregulation of certain ligands, receptors, and coreceptors depending on the distinct cell of the CNS analyzed (Gonzalez-Fernandez et al., 2020). As WNT ligands can act and exert different functions in different cellular context, close examination of their effect in astrocytes, neurons, and blood vessels in ALS conditions is required to understand their overall outcome. In this regard, upregulation of canonical WNT signaling seems to promote glial proliferation, that is, eventually neuroprotective during ALS (Chen et al., 2012; Li et al., 2013; Yu et al., 2013). In a similar manner, extrapolating from their role in blood vessel and BBB formation in the CNS, upregulated WNT ligands could be a defense mechanism to also promote a tighter BBB. However, their role in conjunction with the CNS vessels in this pathology needs further investigation.

Arteriovenous malformations (AVMs) are characterized by abnormal tangles of blood vessels connecting arteries and veins, where blood flow is thus shunted from arteries to veins without passing through a capillary network (Mouchtouris et al., 2015). While AVMs can develop anywhere in our body, they occur most often in the CNS (being more common in the brain than in the SC). Spinal AVMs are mainly represented during the adulthood, however, they may also appear as a juvenile form, which can be intramedullary, extramedullary, and extraspinal (Ferch et al., 2001). Most of the molecular studies on CNS AVMs have been in the brain and indicate that similar mechanisms involved in CNS vascularization are de-regulated in AVMs. Although not described in the SC AVMs, here, we will describe those main findings.

Multiple studies suggest active angiogenesis as a feature of AVMs. Similarly, inflammation is a major contributor toward the pathogenesis and active angiogenesis of AVMs. The inflammatory response triggered by hemodynamic factors and/or genetic predisposition in the formation and rupture of AVMs involves different cytokines (IL-6, IL-1β, TNFα, and IL-8), neutrophils, and macrophages (Mouchtouris et al., 2015) that eventually upregulate the expression of VEGF. IL-6, IL-1β, and TNFα also induce NF-kB expression, which further exacerbates VEGF levels (Angelo and Kurzrock, 2007). Moreover, it is possible that this AVM niche itself may contribute to the stimulation of pathological angiogenesis, where the occurrence of focal ischemia leads to a hypoxic environment that in turn leads to angiogenesis by the expression of VEGF and VEGFR1 (Rothbart et al., 1996; Koizumi et al., 2002; Jabbour et al., 2009; Mouchtouris et al., 2015; Gamboa et al., 2017). Worth to mention, the NF-kB-VEGF cascade in AVMs is also stimulated under hypoxia by HIF-1 (Ng et al., 2005). Consistently, VEGF has been reported in patients suffering from recurrent cerebral AVMs (Rothbart et al., 1996) and VEGF receptors (VEGFR1 and VEGFR2), matrix metalloproteinases-MMP9 and ECM proteins like Collagen IV (Rothbart et al., 1996; Pyo et al., 2000; Hashimoto et al., 2003; Gamboa et al., 2017) are further thought to play a primary role in the pathogenesis of AVMs. As Notch signaling plays a critical role in the determining the arterio-venous cell fate during vascular development, it is thus crucial in AVMs also (Murphy et al., 2008; ZhuGe et al., 2009; Tetzlaff and Fischer, 2018). Manipulations in the notch signaling pathway leads to development of hallmark features of AVMs in the brain (Murphy et al., 2008; Nielsen et al., 2014). Recently a few studies have also shed light on the role of Wnt signaling in AVMs. β-catenin gain-of-function in ECs can cause arterial defects, including the loss of venous marker expression, arterialization of veins, and formation of AVMs (Corada et al., 2010). These ECs show a strong increase in Dll4/Notch signaling along with reduced sprouting activity, indicating a requirement for fine-tuning Wnt and Notch signaling pathways in the pathogenesis of AVMs. Additionally, a very recent study on whole-exome RNA sequencing in human samples of brain AVMs also showed an activation of canonical Wnt signaling via the activity of increased FZD10 and MYOC (Huo et al., 2019). All in all, the current understanding in AVM pathology, diagnoses, and treatment is increasing, but the molecular players and its regulation require further investigation. In addition, whether the same molecular mechanisms that lead to AVMs in the brain are also active in spinal AVMs is also something that remains to be investigated.

These examples show that VEGF and WNT signaling, that are important for blood vessel growth and BBB formation, during development are also involved in distinct pathologies.



CONCLUDING REMARKS

Research in the past recent years has provided further mechanistic insight into neuro-vascular interactions and into the importance of those interactions for proper development and function of the CNS. Here, studies in the SC have been fundamental. To advance in our understanding of SC development and function further studies focused on delineating angiogenic cues and potential bidirectional signaling pathways are needed. Spinal cord injuries are debilitating and fatal in many cases. Understanding SC development from a neural-vascular interaction perspective, and the potential reactivation or inhibition of those molecular signaling pathways in pathological conditions will be important for further developing therapeutic strategies.
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Ischemic stroke, a major cause of mortality in the United States, often contributes to disruption of the blood-brain barrier (BBB). The BBB along with its supportive cells, collectively referred to as the “neurovascular unit,” is the brain’s multicellular microvasculature that bi-directionally regulates the transport of blood, ions, oxygen, and cells from the circulation into the brain. It is thus vital for the maintenance of central nervous system homeostasis. BBB disruption, which is associated with the altered expression of tight junction proteins and BBB transporters, is believed to exacerbate brain injury caused by ischemic stroke and limits the therapeutic potential of current clinical therapies, such as recombinant tissue plasminogen activator. Accumulating evidence suggests that endothelial mechanobiology, the conversion of mechanical forces into biochemical signals, helps regulate function of the peripheral vasculature and may similarly maintain BBB integrity. For example, the endothelial glycocalyx (GCX), a glycoprotein-proteoglycan layer extending into the lumen of bloods vessel, is abundantly expressed on endothelial cells of the BBB and has been shown to regulate BBB permeability. In this review, we will focus on our understanding of the mechanisms underlying BBB damage after ischemic stroke, highlighting current and potential future novel pharmacological strategies for BBB protection and recovery. Finally, we will address the current knowledge of endothelial mechanotransduction in BBB maintenance, specifically focusing on a potential role of the endothelial GCX.
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INTRODUCTION

Despite significant progression in treatment strategies, stroke remains one of the most common causes of death worldwide and accounts for 55% of all neurological disabilities (Posada-Duque et al., 2014). In the United States alone, approximately 800,000 people suffer from stroke yearly, accounting for $34 billion in medical expenses and lost productivity (Kassner and Merali, 2015; Shi et al., 2016). The majority of observed strokes are classified as ischemic strokes, which occur when a clot within a blood vessel interrupts the cerebral blood flow that supplies vital ions, oxygen, and nutrients to the brain (Obermeier et al., 2013). It is well established that one of the hallmarks of acute ischemic stroke is the disruption of the blood-brain barrier (BBB; Sifat et al., 2017), which leads to the subsequent disruption of ion homeostasis and transporter functions in the brain. The mechanisms of BBB damage in the setting of stroke include modification of tight junction (TJ) proteins, modulation of transporters expression, and inflammatory damage (Abdullahi et al., 2018). Structural injury of TJs combined with BBB transporter dysfunction can collectively lead to increased paracellular solute permeability, ultimately resulting in tissue edema and exacerbating brain injury associated with cognitive impairment (Abdullahi et al., 2018). Therefore, it is necessary to develop therapeutic strategies protecting against BBB dysfunction.

One area of BBB maintenance that has received limited attention is its regulation via endothelial mechanotransduction, the conversion of mechanical forces into endothelial cell (EC) biochemical signals (Lam et al., 2012). In the peripheral vasculature, endothelial mechanotransduction has been shown to support proper vessel function via the regulation of inflammation, vessel tone, and permeability (Chien, 2008; Jones, 2010; Glen et al., 2012). However, while several studies have demonstrated the presence and function of endothelial mechanotransducers in the BBB (Zaragoza et al., 2012; Conway et al., 2013), more research is necessary to determine the extent and mechanisms by which endothelial mechanotransduction precisely regulates BBB function.

In this review, we first highlight the current understanding of BBB structure. Then, we describe ischemic stroke and its relationship with BBB dysfunction, noting current and potential future therapeutic strategies. Finally, we will put emphasis on studies implicating endothelial mechanotransduction in BBB function and its possibility as a target for novel approaches for BBB protection.



BBB: STRUCTURE AND FUNCTION


The Neurovascular Unit

The blood-brain barrier is an important dynamic and metabolic interface that precisely regulates ion homeostasis in the central nervous system (CNS) and protects delicate neural tissue from potentially toxic substances and pathogens (Jiang et al., 2018). For example, the BBB controls the entry and exit of essential nutrients and waste materials via the expression of various channels and transporters to regulate CNS concentrations of ions, neurotransmitters, neuroactive agents, and many other molecules (Jeong et al., 2006). Typically, the BBB primarily refers to the endothelium of the CNS vasculature. However, the development and maintenance of the BBB not only requires ECs and their associated TJs but also requires supporting pericytes, astrocytes, neurons, and extracellular matrix (ECM) that surround the BBB (Table 1). This intricate cellular grouping is referred to as the “neurovascular unit (NVU)” and each cell within the NVU helps promote the proper function of the BBB (Figure 1; Obermeier et al., 2013). Here, we will discuss the function of each cell type in relation to BBB function.



TABLE 1. Components and their functions of the NVU.
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FIGURE 1. Structure of the neurovascular unit (NVU). Endothelial cells (ECs) form the inner most layer of the NVU and are connected to each other via tight junctions (TJs). Surrounding the ECs are pericytes in the case of capillaries or smooth muscle cells in the case of larger cerebrovasculature such as veins and arteries. Additionally, astrocytes and neurons of the NVU extend foot-processes or axons, respectively, that also help regulate NVU function. Finally, microglia, which are the brain’s resident immune cells, also contribute to NVU regulation. Collectively, ECs and these supportive cells help maintain the proper function of the blood-brain barrier (BBB). This figure is reprinted from Abbott et al. (2010)) “Structure and function of the blood-brain barrier,” Neurobiology of Disease, 37 (1): 12–25, with permission from Elsevier.


While ECs of the BBB largely mimic their counterparts in the peripheral vasculature, BBB endothelium also present several phenotypic differences that make them ideal for permeability regulation. For example, BBB ECs have increased mitochondrial content leading to an increased production of biological energy. This energy is required to strictly regulate transport processes through the expression of many receptors and ion channels. Additionally, BBB ECs are characterized by a lack of fenestrations, minimal pinocytotic activity with a small number of endocytotic vesicles, unique receptor-mediated endocytosis, and a heightened presence of TJ proteins. Collectively, these properties help restrict BBB permeability (Bicker et al., 2014; Knowland et al., 2014).

Pericytes of the NVU are located along the basement membrane of BBB ECs, encircling the vessel wall and promoting overall BBB function (Figure 1; Dalkara et al., 2011). For example, pericytes induce occludin and multidrug resistance-associated protein (MRP) expression in ECs and contribute to blood flow regulation via their contractile nature. Pericytes also exist in the peripheral vasculature, but the CNS microvasculature has the highest degree of pericyte coverage, potentially contributing to the observed vascular permeability and small vessel stability (Daneman et al., 2010). In addition to their impact on BBB EC function, pericytes exhibit phagocytic activity relevant to the clearance of toxic proteins and can also regulate the influx of immune cells into the nervous system (Rustenhoven et al., 2017). They also display an ability to self-renew and differentiate into neural and vascular lineage cells in the setting of stroke, thereby functioning as pluripotent stem cells (Nakagomi et al., 2015).

Another NVU cell type implicated in promoting BBB function are astrocytes. Astrocytes are the most common glial cell in the brain and have a variety of different morphologies and phenotypes dependent on their location within the brain and association with other cell types. Their close interaction with ECs within the BBB, particularly via astrocyte end feet, strengthens the regulation and maturation of the BBB and has been shown to contribute to cerebral blood flow control (Liu and Chopp, 2016). For example, astrocytes release many bioactive substances and regulatory factors that promote BBB function (Alvarez et al., 2013) including sonic hedgehog (Shh), which regulates TJ development and BBB permeability; nitric oxide (NO), which regulates vasodilation (Iadecola and Nedergaard, 2007); and vascular endothelial growth factor (VEGF), which is involved in angiogenesis and vasogenic edema during stroke (Davis et al., 2010). As previously mentioned, astrocytes regulate EC function mainly through their astrocytic end-feet, which extend from their cell body and connect to the basolateral surface of ECs (Figure 1). One astrocyte end-foot protein strongly implicated in BBB function is the water channel aquaporin 4 (AQP4). AQP4, which is involved in the pathogenesis of cerebral edema, facilitates water movement through the plasma membrane of several cell types in the brain, including ECs, and therefore contributes to permeability regulation (Ishida et al., 2006). Additionally, astrocytes play a substantial role in mediating neuroinflammation and thus are significant in neuroinflammatory pathologies including ischemic stroke (Colombo and Farina, 2016).

Neurons have also been reported to regulate BBB function. Although, while direct neuronal contact with the endothelium has been implicated, the incorporation of neurons into the NVU is thought to mainly occur via astrocytes. When necessary, neurons will communicate with astrocytes to influence BBB function. For instance, neurons have been suggested to tightly regulate vascular tone and cerebral blood flow via astrocytes, which is justifiable given the metabolic demands of nervous tissue; however, neuronal contributions to other BBB structures and function, such as TJ regulation, remain unknown (Koehler et al., 2006).

Although a non-cellular component, the ECM, which is composed of several major proteins including hyaluronan, lecticans, collagen IV, and fibronectin, is an integral component of the BBB and NVU. The ECM functions by connecting and functionally separating brain capillary ECs from pericytes and astrocytes, thereby allowing proper cellular orientation (Zobel et al., 2016). In addition, the ECM mediates the movement of cells within and outside of the NVU and maintains brain homeostasis due to its buffering properties. It is well established that disruption of the ECM and alterations in matrix adhesion receptors, such as integrins, contributes to increased BBB permeability during stroke (del Zoppo and Milner, 2006; Sandoval and Witt, 2008). The basement membrane, a thin layer of ECM that lines the parenchymal side of NVU, connects ECs to astrocytic end-feet and has been implicated in BBB maintenance. Specifically, damage of the basement membrane caused by increased expression of matrix metalloproteinases (MMPs) is believed to be related to alterations in BBB permeability in numerous pathologies (Wang and Shuaib, 2007; Sandoval and Witt, 2008; Lau et al., 2013).

Finally, the NVU also contains microglia, which are the primary immune cells of the CNS (Graeber and Streit, 2010). While the impact of microglia on BBB function in physiological conditions is not well known, activation of microglia via neuronal or BBB damage has been shown to contribute to and exacerbate BBB dysfunction (da Fonseca et al., 2014; Thurgur and Pinteaux, 2019). For example, microglial activation resulting in the release of pro-inflammatory cytokines, such as IL-1β and TNF-α, can lead to increased BBB permeability via disrupted TJs and increased neutrophil recruitment (Zhou et al., 2006; Chen et al., 2019). Thus, microglia are important to consider when discussing CNS pathologies associated with neuroinflammation.



Endothelial Cell Junctions


Tight Junctions

Tight junctions are large, multiprotein junctional cell-cell complexes composed of three major membrane proteins, claudins, occludin, and junction adhesion molecules (JAMs), along with the accessory proteins zonula occludins (ZO; Figure 2). TJs are particularly significant in regulating permeability by inducing EC polarization and restricting the paracellular movement of ions, such as Na+ and Cl−, as well as macromolecules across the BBB. TJ efficacy in the BBB, specifically compared to the peripheral vasculature, is evidenced by a considerably high value of BBB transendothelial electrical resistance (TEER) and low paracellular permeability (Ronaldson and Davis, 2015).
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FIGURE 2. Structure of brain EC-cell junctions. EC-to-EC junctions consist of permeability regulating protein complexes in both tight and adherens junctions (AJs). TJs, which are more strongly associated with permeability regulation, consist of the occludin, junctional adhesion molecule, and claudin families of proteins linked to the cytoskeleton via zona occludens (ZO) proteins. AJs, which also play a role in permeability regulation, are composed of vascular endothelial (VE)-cadherin dimers similarly linked to the cytoskeleton via an array of linker proteins, such as catenin. In addition to these major junctional components, EC junctions also contain numerous supporting proteins such as cingulin, vinculin, and integrins, among others. This figure is reprinted from a previous publication (Abdullahi et al., 2018), with permission from the previous publisher, the American Physiological Society.


The tight junction protein family claudins are 20–24-kDa proteins with four transmembrane domains (Figure 2). To date, more than 24 members have been identified (Ballabh et al., 2004). However, in brain ECs, the major isoforms are claudin-1, -3, -5 and -12, all of which play important roles in barrier function (Yang and Rosenberg, 2011). Claudin-5, in particular, significantly limits paracellular diffusion of small substances in the BBB (Greene et al., 2019). Specifically, increased claudin-5 can increase TEER and decrease BBB permeability. To regulate TJ function, the carboxy terminal (intracellular tail) of claudins bind to cytoplasmic proteins including ZO-1, ZO-2, and ZO-3, forming TJ scaffolds between extracellular neighboring proteins and the cell cytoskeleton, thus providing an anchorage to maintain cell-cell contacts (Figure 2; Honda et al., 2006).

A second major transmembrane TJ protein is occludin, a 65-kDa protein involved in TJ stabilization to regulate BBB functional integrity (Figure 2; Nag et al., 2007). Similar to other TJ proteins, occludin is highly expressed in cerebral endothelium but more sparsely distributed in non-neural endothelia (Nag et al., 2007) and is associated with increased electrical resistance in TJ-containing tissues and decreased paracellular diffusion (Nag et al., 2007). As with claudins, ZO proteins also localize occludin to the cellular membrane, creating an intercellular bridge (Figure 2). Interestingly, the function of occludins is suggested to be a function of dynamic phosphorylation, which can affect the assembly/disassembly of TJs (Dorfel and Huber, 2012). Combined with claudins and junctional adhesion molecules, occludins within the BBB strictly regulate BBB permeability to promote CNS homeostasis.



Adherens Junctions

Adherens junctions (AJs), located toward the basolateral side of EC TJs, are adhesive cell-cell interactions composed of cadherins along with their associated proteins, which are important for both the localization and stabilization of AJs (Figure 2). The transmembrane cadherin protein and, more specifically, cadherin-mediated signaling plays a key role in numerous EC processes, including endothelial layer integrity and the organization of microvessels during development (Lampugnani and Dejana, 2007). The regulation of these cadherin functions also relies on other AJ components, namely α-actinin and vinculin (Figure 2), which similarly have been implicated in maintaining BBB function (Abu Taha and Schnittler, 2014). Out of the numerous cadherin proteins in humans, VE-cadherin is specifically expressed by ECs and is required for endothelial survival and stabilization (Tietz and Engelhardt, 2015) and is also associated with paracellular permeability (Beard et al., 2011). Interestingly, despite the correlation between VE-cadherin expression and permeability regulation, one particular study suggested that partial loss of VE-cadherin may lead to long-term stroke protection (Gertz et al., 2016).




Transporters

Endothelial cells of the BBB express many transporters that, in addition to junctional proteins, play an important role in regulating the transport of endogenous and exogenous materials, such as glucose, which cannot permeate cell-cell junctions. Major transporters include nutrient transporters, ion transporters, and the ATP-binding cassette (ABC) transporters, which will be discussed here (Table 2; Jiang et al., 2018).



TABLE 2. EC transporters and their functions.
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Nutrient Transporters

D-glucose is the main energy source for brain metabolism and a continuous supply is therefore required to maintain normal brain function. The main glucose transporter in the BBB is the glucose transporter 1 (GLUT1) protein (Table 2), which is expressed and localized to brain ECs. Many pathophysiological conditions, including chronic hypoxia and ischemia, are capable of altering glucose transporter expression, including GLUT1. However, whether these changes in expression are beneficial or detrimental to BBB and neuronal function varies (Vemula et al., 2009). For example, one study found that hypoxia-ischemia can elevate GLUT1 expression, which in previous studies has been demonstrated to serve a neuroprotective role by reducing focal ischemic lesion size (Shi et al., 1997; Li et al., 2013). Another type of glucose transporter expressed in the BBB is the sodium-glucose transporter (SGLT) protein (Table 2), which contributes to materials transport and cell depolarization and has been shown to help maintain glucose levels during stroke (Yamazaki et al., 2015). However, contrary to the observed beneficial effects of GLUT1, several studies have shown that SGLT is relevant to increased edema formation and can actually exacerbate cerebral ischemic neuronal injury due to the influx of sodium ions (Yamazaki et al., 2016; Sifat et al., 2017). Other studies have corroborated these findings, suggesting that inhibition of SGLT during stroke may improve stroke outcome (Vemula et al., 2009). Thus, regulation of glucose transporters within the BBB can have complex consequences on CNS homeostasis.



Ion Transporters

Ion transporters, which are predominantly expressed at BBB ECs’ abluminal surface, have important effects on vectorial transport across the cell membrane and, subsequently, on CNS ion homeostasis and fluid movement. The major ions in the nervous system are Na+, K+, Cl−, and Ca2+, all of which are critical to the regulation of neuronal activity (Hladky and Barrand, 2016). The transport of Na+, Cl−, and other ions combined with the associated water influx is responsible for approximately 30% of the interstitial fluid in a healthy brain. One common ion transporter is the Na+-K+-Cl− co-transporter (NKCC; Table 2), which is important in maintaining CNS homeostasis (Jayakumar and Norenberg, 2010). It has been reported that hypoxia can stimulate the expression of the Na+-K+-Cl− cotransporter, leading to ischemia-induced brain edema formation (Foroutan et al., 2005; Jayakumar and Norenberg, 2010). As such, in stroke patients, the entry of extracellular Na+ caused by the alteration of these ion transporters, such as decreased Na+/K+-ATPase expression and function, has a profound impact on endothelial swelling and cytotoxic edema (Babsky et al., 2008; Hladky and Barrand, 2016). Other ion transporters are also implicated in stroke and BBB dysfunction (Hom et al., 2007; O’Donnell, 2014; Jiang et al., 2018). For example, in an ischemic episode, the Na+/K+-ATPase and Ca2+-ATPase ion transporters (Table 2) fail to conserve ionic balance due to ATP depletion caused by the blockage of oxidative phosphorylation (Jiang et al., 2018). Collectively, these studies highlight the importance of ion transporters in regulating BBB function and in pathophysiological events such as stroke.



ATP-Binding Cassette Transporters

The ABC transporters (Table 2), which are located at the EC luminal membrane, are a protein superfamily that transports neurotoxins against concentration gradients, thereby requiring biological energy. This protein superfamily contains 48 members and is divided into seven sub-families (Jiang et al., 2018). Major ABC transporters relevant to the BBB include P-glycoprotein (P-gp; Table 2), which transports a variety of structurally diverse compounds; breast cancer resistance protein (Bcrp; Table 2), which is able to recognize variable organic anions; and MRPs (Table 2), which are associated with cellular efflux of anionic drugs as well as their metabolites (Abbott et al., 2010). While ABC transporters protect the CNS by restricting toxin permeability through the BBB, they have also been found to hinder therapeutic strategies targeting the CNS as they similarly limit the transport of drugs through the BBB. It has also been shown that ABC transporter expression varies in neurological disorders such as Alzheimer’s, Parkinson’s, and stroke (Qosa et al., 2015). Thus, while the role of ABC transporters in both proper BBB function and neurological disorders is complex, it is clear that alterations in their expression can have significant consequences on BBB and neural tissue function.





ISCHEMIC STROKE


Ischemic Stroke Pathology

Stroke is the second leading cause of death in the world behind cardiovascular diseases and annually contributes to 5.5 million deaths globally (Alishahi et al., 2019). Stroke incidence has also increased more than 100% in developing countries, suggesting that stroke prevalence will likely increase over the coming years (Tsai et al., 2016). At present, there are two major types of stroke: ischemic strokes and hemorrhagic strokes. In this review, we focus on ischemic strokes.

Ischemic strokes amount to approximately 87% of all strokes and are classified as strokes that occur due to vessel obstruction via a blood clot (Sevick et al., 2017). These clots can either form directly at the site of insult or result from the rupture of a larger clot at an upstream region of the vasculature. When ischemic strokes occur, blood flow to the brain is interrupted leading to decreased oxygen delivery and reduced nutritional supply (e.g., glucose) to the affected part of the brain (Chauhan and Debette, 2016). The affected areas of the brain resulting from ischemic stroke are referred to as the ischemic, or infarct, core, and penumbra, which collectively form the term “brain ischemia” (Figure 3; Bandera et al., 2006). The ischemic or infarct core is defined as the area of irreversible tissue injury, typically characterized by blood flow with perfusion rates below 10 ml/100 g of tissue per minute (Latchaw et al., 2003; Bandera et al., 2006). Outside of the infarct core is the penumbra, which also contains the benign oligemia (Figure 3), and is defined as functionally impaired tissue that is still viable. Typically, tissue within the penumbra is perfused at rates below 25 ml/100 g tissue per minute (Bandera et al., 2006; Fisher and Bastan, 2012). While tissue within the benign oligemia will recover spontaneously, tissue outside of the benign oligemia but within the penumbra requires clinical intervention. Therefore, therapeutics aimed at preventing CNS damage as result of ischemic stroke target these areas of the brain, whereas the infarct core is beyond treatment due to the rapid development of necrosis (Bandera et al., 2006). The first contributors to the rate of infarct progression are the degree of collateral arterial circulation, duration of insult, and the functional and metabolic cellular state (Bandera et al., 2006). Collectively, these factors determine the likelihood of success of common ischemic stroke therapeutics.
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FIGURE 3. Schematic of the affected areas of the brain after ischemic stroke. Closest to the location of the blood clot, and thus the loss of blood flow, is the infarct core, which contains irreversibly damaged tissue. Outside of the infarct core lies the penumbra, which also contains the benign oligemia, and defines the area of reversible tissue damage. While the benign oligemia specifies tissue that will recover function on its own, tissue within the penumbra but outside of the benign oligemia requires therapeutic intervention for full recovery.


In addition to the initial insults of ischemic stroke, following ischemic stroke metabolic disturbances and energy imbalance can cause secondary injury such as inflammation and gliosis leading to further neuronal and vascular cell death. Inflammation, in particular, is believed to play a critical role in the pathogenesis of ischemic stroke. For example, the initial ischemic insult leads to the activation of microglia (Ma et al., 2017) and astrocytes (Choudhury and Ding, 2016) as well as the recruitment and infiltration of inflammatory cells such as leukocytes (Gronberg et al., 2013). Interestingly, while some studies have indicated beneficial impacts of several of these inflammatory mechanisms on brain recovery, overall the inflammatory response is believed to have a detrimental effect, particularly under prolonged inflammation (Jin et al., 2010). This is supported by the effective use of anti-inflammatory therapeutics to limit neurological deficits in animal models of ischemic stroke (Lakhan et al., 2009), although these therapeutics have not translated into the clinic. These and other therapeutic options for ischemic stroke will be further discussed later in the review.

Although not well studied, endothelial mechanotransduction within the BBB may also play a major role in ischemic stroke pathology and potentially its initial occurrence. In the peripheral vasculature, endothelial exposure to physiological shear stress promotes vessel function through the regulation of vascular permeability (Himburg et al., 2004; Warboys et al., 2010), vasoconstriction/vasodilation (Uematsu et al., 1995; Muller et al., 1997), and inflammatory phenotype (Chen et al., 2003). Recent studies have similarly demonstrated that brain-derived ECs similarly benefit from shear stress exposure via observed increases in barrier integrity (Colgan et al., 2007; Siddharthan et al., 2007; Cucullo et al., 2011; Walsh et al., 2011). Thus, stroke-induced hypoperfusion may lead to inadequate mechanotransduction that could further compromise BBB integrity. Additionally, mechanotransducers, such as the endothelial glycocalyx (GCX), have been shown to be degraded in response to ischemia-reperfusion (Rubio-Gayosso et al., 2006), which may exacerbate issues of proper mechanotransduction. Impaired mechanotransduction may even contribute to the occurrence of ischemic stroke, as the development of blood vessel plaques, which can rupture and lead to ischemic stroke, are known to occur in areas of disturbed blood flow characterized by altered mechanotransduction and degraded GCX layers (van den Berg et al., 2009; Cancel et al., 2016; Harding et al., 2018; Mitra et al., 2018). It is therefore vital to understand the impact of endothelial mechanotransduction in both stroke pathology and occurrence, which will be addressed later in the review.



BBB Dysfunction in Ischemic Stroke

A major hallmark of stroke is its associated BBB disruption, which is initiated due to ischemia but continual deteriorates with sustained hypoperfusion. This deterioration is largely attributed to a lack of nutrients (e.g., oxygen and glucose), but altered mechanotransduction may also play a role. This is evidenced by the fact that even after the restoration of blood flow, albeit below baseline levels, BBB permeability does not revert but instead persists. Furthermore, degradation of the mechanotransductive GCX layer has been shown to be degraded in ischemia/reperfusion (Chappell et al., 2009; van Golen et al., 2012), implicating its potential role in BBB maintenance. The exact time course of increased BBB permeability in ischemic stroke is widely debated. Initial studies in animal models identified a biphasic nature of BBB permeability, in which initial increases in permeability are followed by a reduction in permeability to baseline levels but eventual return to increased permeability (Kuroiwa et al., 1985; Huang et al., 1999). While more recent studies have supported this theory (Pillai et al., 2009), other studies, including in human subjects, suggest that BBB permeability remains elevated post-stroke potentially for several weeks (Strbian et al., 2008; Merali et al., 2017). Regardless, initial breakdown of the BBB is believed to occur at least partially through the overexpression of matrix metalloproteinases (MMPs), which can have numerous detrimental effects including the degradation of the endothelial GCX, a known mechanotransducer (Ramnath et al., 2014; Yang and Rosenberg, 2015; Zhang et al., 2018). GCX degradation has been shown to disrupt junctional protein expression and function (Thi et al., 2004; Mensah et al., 2017). Following this initial breakdown, a sustained increase in permeability likely occurs due to a neuroinflammatory response, which, combined with other consequences such as brain edema, contributes to longer-term permanent loss of neurological function (Abdullahi et al., 2018). To better understand the observed increase in BBB permeability following stroke, we will discuss the mechanisms of this process, focusing on the role of junctional and transporter proteins.


Junctional Proteins

The overall increase in BBB permeability in stroke is largely attributed to differences in junctional protein expression and function. For example, stroke is associated with decreased expression of the TJ proteins claudin-5, occludin, and ZO-1, among others (Jiao et al., 2011). This is evidenced by the increased uptake of 14C-sucrose, a membrane impermeant marker, in the brain parenchyma after stroke (Hau et al., 2004; McCaffrey et al., 2009; Abdullahi et al., 2018). It has also been suggested that occludin redistribution, in addition to changes in expression, induced by VEGF may occur and is associated with increased paracellular permeability in ECs (Murakami et al., 2009). Caveolin-1, a coat protein of pinocytotic caveolae vesicles implicated in molecular trafficking, mediates the redistribution and localization of junctional proteins, such as ZO-1, claudin-5, and occludin, as previously mentioned (Choi et al., 2016; Abdullahi et al., 2018; Zhang et al., 2018). Additionally, while TJs are more widely known for their role in maintaining BBB permeability, the AJ protein VE-cadherin has also been shown to have decreased expression after stroke, contributing to the overall increase in permeability (Abdullahi et al., 2018). The observed changes in VE-cadherin expression following stroke may be regulated by sphingosine kinase (SphK2), as SphK2-null mice display reduced levels of VE-cadherin and other junctional proteins (Wacker et al., 2012).

Initial disruption in junctional protein expression is believed to be due to MMPs and, on a lesser basis, reactive oxygen species (ROS). This initial, short-term increase in permeability in some cases reverts to baseline levels and is thus often classified as “reversible” (Figure 4). However, as the molecular response shifts in response to stroke, longer-term BBB opening, referred to as “irreversible,” can persist for several days or longer (Figure 4). What determines the length of increased BBB permeability is not fully known, but molecules such as MMPs and cytokines are implicated in the process. For example, MMP-2 activation is believed to be responsible for initial disruption of TJ proteins (Figure 4). However, in later phases of BBB disruption resulting from stroke, MMP-9 expression is induced and results in more intense and irreversible damage (Figure 4; Yang and Rosenberg, 2015). The role of MMPs in stroke-induced BBB dysfunction was evidenced by Shuai et al., who found that stroke results in decreased ZO-1 expression and translocation of ZO-1 from the cell junctions to the cytoplasm, which occurs due to increased MMP-2/9 and caveolin-1 expression (Zhang et al., 2018). Another study suggested that reduction in brain permeability is highly associated with decreased expression of MMP-2/9 (Zeng et al., 2020). In addition to increased MMP expression and activity, increased concentrations of ROS such as superoxide, which is substantially produced by the NADPH oxidase (Nox) proteins (Revuelta et al., 2019), has similarly been shown to reduce the expression of junctional proteins such as claudin-5 and occludin. For example, Zhanying et al. found that upregulation of TJ protein expression owing to attenuated generation of ROS contributed to improvement of BBB function (Ye et al., 2019). ROS has also been shown to cause caspase-3-mediated damage of TJs and microvascular endothelial hyperpermeability in vitro (Alluri et al., 2014). In addition to the short- and long-term impacts of MMPs and ROS on BBB integrity, other inflammatory regulators, such as the cytokines TNF-α (Yang et al., 1999; Pan and Kastin, 2007) and IL-1β (Anthony et al., 1997; Ferrari et al., 2004), as well as neutrophils (Rosell et al., 2008; Joice et al., 2009; Jickling et al., 2015) have been implicated in BBB maintenance following stroke. Due to the proven detrimental effects of these factors, therapeutics targeting these molecules have drawn significant interest to maintain BBB integrity.
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FIGURE 4. The time course of BBB opening and associated expression of pro-inflammatory mediators of BBB damage. Initial opening of the BBB is likely caused, at least in part, by increases in MMPs, specifically MMP-2. This initial phase occurs over ~24 h and is referred to as “reversible.” Over time, continuous production of pro-inflammatory molecules, such as TNF-alpha, IL-1beta, and MMPs 3 and 9, can lead to prolonged opening (72+ h) of the BBB, potentially contributing to long-term tissue damage. This phase is thus referred to as “irreversible.” Reprinted from Yang and Rosenberg, “Matrix metalloproteinases as therapeutic targets for stroke,” Brain Research, 2015, 1,623:30–38, with permission from Elsevier.




Endogenous BBB Transporters

Changes in the expression and function of endogenous BBB transporters also impact stroke-induced BBB permeability and the resulting pathophysiological processes such as edema. Major BBB transporters associated with stroke include the glucose transporter proteins and ion transporters. For instance, the GLUT1 and GLUT3 glucose transporters are significantly elevated in the short and long term time periods following severe hypoxic-ischemic insults (Vannucci et al., 1998). Increased expression of the SGLT glucose transporter has also been observed and inhibition of this and the GLUT1 transporter can reduce edema formation despite the beneficial nutrient transport roles of these proteins (Vemula et al., 2009). Also implicated in permeability regulation in stroke and subsequent edema formation are ion transporters, particularly the Na+ transporters. For instance, increased expression and phosphorylation of the Na+-K+-Cl− transporter is associated with severe ischemic conditions (Foroutan et al., 2005). Furthermore, the inhibition of various ion transporters, including Na+-K+-Cl− (Huang et al., 2019), NHE1 (Park et al., 2010), and KCa3.1 (Chen et al., 2015), have been shown to reduce edema or infarct size, highlighting their importance in stroke. In addition to alternations in specific transporter proteins, elevation of pinocytosis within the endothelium occurs post ischemia-reperfusion (Shinozuka et al., 2013), further contributing to increased permeability (Xia et al., 2012). A study by Knowland et al. (2014) even suggested that increased transcellular transport via caveolae and other pinocytotic vesicles occurs before TJ disruption.



Other Mechanisms

In addition to the common permeability pathways controlled by junctional proteins and EC transporters, other molecules, such as integrins and EC adhesion molecules, also play a role in regulating BBB permeability after stroke, albeit to a lesser extent. Integrins, transmembrane proteins that interact with the ECM to stabilize ECs to their environment, have been shown to contribute to BBB permeability regulation. For example, Osada et al. (2011) demonstrated that antibody neutralization of b1-integrin leads to a significant decrease in BBB barrier integrity, specifically through a reduction in transepithelial electrical resistance and increased permeability. Studies suggest that integrins are able to regulate BBB integrity through both the downstream regulation of TJ proteins, specifically claudin-5 (Osada et al., 2011), and by promoting EC-astrocyte interactions, which are crucial for proper BBB function (Almutairi et al., 2016).

Endothelial cell adhesion molecules, such as intercellular adhesion molecule 1 (ICAM-1), also play a role in regulating transport in the BBB in particular through their role in leukocyte transendothelial migration. After focal brain ischemia, EC adhesion molecules, mainly ICAM-1, are upregulated potentially via the local and systemic release of pro-inflammatory factors (Lindsberg et al., 1996). Combined with increased leukocyte production in response to stroke (Ross et al., 2007), this promotes increased transendothelial migration of leukocytes, such as neutrophils. While short term increases in neutrophils and other white blood cells may help resolve vascular and CNS damage, prolonged neutrophil accumulation, and activity actually worsens long term outcomes (Buck et al., 2008; Kumar et al., 2013).





THERAPEUTIC STRATEGIES FOR ISCHEMIC STROKE

Current therapeutic strategies for ischemic stroke fall into four categories: clinical care, neuroprotection, neurorestoration strategies, and rehabilitation therapy (Patel and McMullen, 2017). To date, the only major treatment strategies approved by the United States Food and Drug Administration (FDA) and used in the clinic are thrombolysis via tissue plasminogen activator (r-TPA) and endovascular treatment. However, while these treatments have been successful in improving clinical outcome, they are not able to resolve prolonged neuronal dysfunction and degeneration of still viable tissue. Therefore, many studies and experimental trials have been focused on developing neuroprotective therapies to retain function of viable tissue after an ischemic episode. Yet, while many animal studies have demonstrated promising results, they have met limited success in clinical trials. In this review, we will first address stroke management in the clinic and then elaborate on both previous and promising neuroprotective treatment options currently being assessed (Table 3). Furthermore, we will briefly discuss neurorestorative therapies.



TABLE 3. Current and promising therapeutics for treatment of ischemic stroke.
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Clinical Care

Two major thrombolytic therapeutic strategies, either via the use of pharmacological agents or via mechanical thrombectomy (Jovin et al., 2015; Saver et al., 2016), are currently used for recanalization and reperfusion for stroke patients (Table 3). The treatment of choice for each patient depends on the time to treatment and the etiology of the injury. At present, the most common pharmacological treatment is thrombolysis via r-tPA, known as alteplase (Table 3), which is approved by the FDA (Sifat et al., 2017). When administered intravenously, alteplase provides local fibrinolytic effects by first binding to fibrin clots and then hydrolyzing peptide bonds in surrounding plasminogen, thus converting it to plasmin and subsequently disintegrating the clot (Bansal et al., 2013; Clarke and Ayala, 2019). While studies have demonstrated that alteplase does reduce tissue infarct volume, it does not alter other associated pathophysiologies such as ischemic brain edema (Broocks et al., 2020). While r-tPA has been demonstrated as an efficient and cost-effective thrombolytic agent, its short therapeutic time window of up to 4.5 h, association with severe deleterious events, especially hemorrhagic transformation and brain injury, and candidates’ eligibility for treatment (e.g., delayed identification in the emergency department; Sung et al., 2013) greatly limit the safety and application of r-tPA (Mendez et al., 2018). Regarding deleterious events associated with tPA, it has been proposed that tPA exacerbates neuron death in the hippocampus due to inter-neuronal laminin degradation and pro-survival cell-matrix signaling disruption (Lo et al., 2004). Additionally, evidence suggests that a compromised BBB may limit the efficacy of r-tPA because it may exacerbate hemorrhagic transformation and promote brain edema and neuroinflammation. Due to these limitations, alternatives to alteplase, such as tenecteplase, have been investigated but have not shown any significant improvements in clinical trials (Logallo et al., 2017). Still, it is clear that areas for improvement exist.

Aside from r-TPA, other minor pharmacological treatment options are available, most notably aspirin. Aspirin treatment, which is only used for secondary prophylaxis, must be delivered within 24–48 h after stroke onset but has been reported to lower the potential risk of recurrent stroke and vascular events than non-users (Kong et al., 2019). However, it is suggested to be useless for the treatment of an ongoing acute ischemic stroke and, thus, alternative pharmacological therapeutic options remain the primary mode of treatment (Powers et al., 2018).

In addition to these pharmacological treatment options, endovascular mechanical thrombectomy treatment (Table 3), which utilizes micronavigation of catheters into the cerebral vasculature to mechanically disrupt clots (Akins et al., 2014), provides a more direct way to the occlusive lesion and has a longer therapeutic time window-up to 8 h (Jovin et al., 2015). Furthermore, it is reported that endovascular treatment combined with intravenous pharmacological thrombolysis may provide increased efficacy to many patients with ischemic stroke (Lowhagen Henden et al., 2017). Endovascular mechanical thrombectomy has also shown great benefits in large vessel occlusion via a combination of contact aspiration and stent retrievers (Mokin et al., 2014; Lapergue et al., 2020). However, despite the potential benefits, endovascular mechanical thrombectomy treatment is limited by high costs, its need for trained personnel, and its inability to restore tissue function within the penumbra.



Neuroprotection

Neuroprotective treatments are defined as therapeutics administered during the acute ischemic phase with the overall goal of protecting from further neuronal tissue injury. These therapeutics typically target the penumbra as this tissue is still viable but may require clinical intervention for complete functional recovery. Neuroprotective treatments as defined here are in contrast with neurorestoration techniques, which aim to restore tissue functionality through the stimulation of neurogenesis and neuroplasticity. There are two types of neuroprotection: pharmacologic neuroprotection and non-pharmacologic neuroprotection. Non-pharmacologic neuroprotective methods, such as transcranial laser therapy (Patel and McMullen, 2017), have shown some promise but will not be discussed in this review. For pharmacologic neuroprotection, our understanding of the mechanisms of tissue damage following ischemic stroke has advanced, providing scientists with viable targets for neuroprotective therapeutics. Many developed and tested therapeutics have targeted the modulation of inflammation, oxidative stress, excitotoxicity, or apoptosis, all of which have been implicated in post-stroke tissue damage (Goenka et al., 2019; Wang et al., 2019). However, despite the relatively high levels of therapeutic benefits identified by these treatments in animal models, limited success has been observed in the clinic despite the hundreds of clinical trials run. The low degree of therapeutic translation from animal models to human subjects is likely due to a combination of reasons relating to differences between animal models and human subjects (e.g., age of treatment and presence of comorbidities), the employed experimental methods, the quality of experimental or clinical trial design, the outcome measures utilized, and others. Thus, future research efforts attempting to identify neuroprotective therapeutics not only need to identify the novel therapeutics themselves but also enforce proper pre-clinical and clinical methods to properly evaluate the efficacies of these treatment options. Here, we will discuss several drugs that may prove to be promising therapeutics or may provide insight into the development of other future therapeutics.

While the only FDA-approved pharmacological therapeutic for ischemic stroke is tPA, a variety of other neuroprotective molecules have been approved for clinical use for other indications or in other countries. Still, the therapeutic efficacy of these treatments is controversial. For example, cerebrolysin (Table 3) is a mixture of brain-derived neuropeptide that exhibits anti-excitotoxicity, antioxidant, and anti-apoptotic activity that is approved for the treatment of stroke in more than 40 countries (Goenka et al., 2019). Several animal studies have demonstrated that cerebrolysin can improve outcome from stroke, for example, by reducing infarct size (Ren et al., 2007; Zhang et al., 2010). However, clinical trials for cerebrolysin have returned mixed results. Specifically, while the drug has demonstrated safety in Phase 1 and Phase 2 clinical trials, several later stage trials failed to demonstrate any improvement in neurological outcome. Although, a combination of cerebrolysin and physical rehabilitation therapy was shown to improve motor recovery in individuals with severe motor impairment.

Magnesium sulfate (Table 3), which modulates excitotoxicity, has also demonstrated success in animal studies but has been met with both success and failure in a clinical setting. An initial pilot clinical trial from 2001 found a significant correlation between magnesium sulfate and improved neurological outcome (Lampl et al., 2001). However, another larger future study identified no relationship between the drug and neurological outcomes (Muir et al., 2004). Because the administration time in this study was in some cases significantly delayed, an additional clinical trial utilizing magnesium sulfate treatment in the field within 2 h of stroke onset was therefore performed and demonstrated a significant improvement in neurological outcomes (Saver et al., 2015). Other promising drugs, such as minocycline (Table 3), an antibiotic drug approved in the United States for numerous non-stroke indications, and edaravone (Table 3), an antioxidant therapy, have similarly demonstrated promise in animal trials but mixed results in clinical trials (Fagan et al., 2010; Sharma et al., 2011; Kimura et al., 2012; Kikuchi et al., 2013; Karsy et al., 2017). These studies, among many others, demonstrate both the difficulty of identifying promising stroke therapeutics and the importance of proper pre-clinical and clinical study design. Currently, new therapeutics are being tested in clinical trials around the world that will hopefully prove to be more successful than previous waves.

One such molecule is Dl-3-n-butylphthalide (NBP; Table 3), a synthetic compound that possesses anti-inflammatory, anti-oxidative, and anti-apoptotic properties and has been approved for treatment of ischemic strokes in China (Wang et al., 2019). Animal models evaluating NBP as a stroke therapeutic have found positive results. For example, Wang et al. (2019) identified increased neurological functional recovery after NBP treatment for ischemic stroke in mice, which was associated with increased white matter integrity and the upregulation of the TJ protein occludin. Similarly, Jiamin et al. demonstrated that NBP greatly reduces BBB permeability via the upregulation of claudin-5 and ZO-1 and downregulation of caveolin-1 in ischemic stroke mice (Li et al., 2019). These and other results have supported the use of NBP as a therapeutic, which is currently being evaluated in the clinic in a Phase 2 trial. Another promising therapeutic option, liraglutide (Table 3), a glucagon-like peptide-1 receptor agonist, is supported by a significant body of work which has identified both its beneficial effects on neurological function in animal models of stroke and its mechanism. For instance, numerous studies have demonstrated improved behavioral scores/neurological deficits and reduced infarct size in animal models of stroke treated with liraglutide (Sato et al., 2013; Zhu et al., 2016). These improved outcomes are believed to be due to reductions in oxidative stress, improved mitochondrial function, and reduced cell apoptosis via neuronal sirtuin 1 and activation of the PI3K/AKT and MAPK pathways (Sato et al., 2013; Zhu et al., 2016; He et al., 2020b). A phase 3 clinical trial evaluating the efficacy of liraglutide for treatment of ischemic stroke is currently underway. Another glucagon-like peptide-1 receptor agonist, exenatide (Table 3), has also met success in animal models and has an ongoing phase 3 clinical trial. Other recent therapeutic options, such as alpha lipoic acid, verapamil, soyateltide, and JPI-289, have also recently demonstrated success in animal models and currently have ongoing clinical trials. However, whether these new therapeutics will have higher success than previous neuroprotective therapies is still yet to be seen.



Neurorestoration

While neuroprotection focuses on preventing further damage to tissue, neurorestoration aims to restore function to damaged neurons via the use of neurotrophins, a group of proteins associated with the maintenance and survival of the CNS. The most abundant neurotrophin in the adult brain is brain-derived neurotrophic factor (BDNF), which participates in proliferation and neuronal differentiation, among other functions (Liu et al., 2020). Another common and well-studied neurotrophin, neurotrophin-3 (NT-3; Table 3), is specifically involved in cell proliferation as well as the processes of memory and learning (Vilar and Mira, 2016). As a stroke therapeutic, NT-3 has demonstrated excellent translational potential. For example, studies have shown that peripheral infusion of NT-3 can increase sensorimotor function after stroke. Additionally, phase 1 and phase 2 clinical trials have already been performed for NT-3, demonstrating its safety as a therapeutic (Duricki et al., 2019). Combined with NT-3’s ability to be transported to the CNS through the BBB, these findings make it a promising future therapeutic. Metformin, another potential neurorestorative therapy, has also been shown to induce recovery of memory and learning by increasing the expression of the neutrophin BDNF (Ghadernezhad et al., 2016). Interestingly, metformin has also been shown to regenerate the GCX (Eskens et al., 2013; Targosz-Korecka et al., 2020). However, whether or not metformin-induced GCX regeneration plays a role in neurorestoration following stroke has not been studied. Other therapies, such as copolymer-1 (Cop-1), can similarly increase NT-3 and other neurotrophins to promote neurogenesis (Cruz et al., 2015). However, while some of these treatments have demonstrated efficacy in vitro or in animal models, further research is necessary to support their testing in clinical trials.




ENDOTHELIAL MECHANOBIOLOGY IN THE PERIPHERAL VASCULATURE, BBB MAINTENANCE, AND ISCHEMIC STROKE

One regulatory mechanism of vascular function that has been well studied in the peripheral vasculature but not in the context of the brain vasculature (i.e., the BBB), neither in physiological nor pathological conditions, is endothelial mechanobiology. Endothelial mechanobiology is the process by which ECs sense mechanical forces and convert these forces into biochemical signals (Davies, 1995; Ando and Yamamoto, 2009). These forces include shear stress created by blood flow and tension created by vessel contraction/dilation and changes in the ECM (He et al., 2020a). In the peripheral vasculature, endothelial mechanobiology promotes proper function of the vasculature by regulating permeability, vascular tone, inflammatory state, and other important vascular functions implicated in vascular disease (Chien, 2008; Jones, 2010; Glen et al., 2012). For example, in the peripheral vasculature, both in vitro and in vivo studies have demonstrated that exposure to physiological levels of fluid shear stresses strengthens vascular barrier integrity (Himburg et al., 2004; Warboys et al., 2010). Via a novel in vivo/ex vivo permeability technique, Himburg et al. (2004) specifically found that increasing levels of physiological time-averaged shear stress leads to decreased endothelial permeability. Shear stress exposure has also been shown to increase nitric oxide production (Uematsu et al., 1995) and reduce the production of reactive oxygen species (Chen et al., 2003) when compared to samples maintained in static, no-flow conditions. In contrast, impaired mechanotransduction in the peripheral vasculature may promote the development of cardiovascular diseases such as atherosclerosis. In the case of atherosclerosis, a disease characterized by plaque formation in vessel walls, plaque development preferentially occurs in areas of the vasculature that experience abnormal flow patterns. Blood flow in these regions is typically characterized by multi-directional flow and low time-averaged shear stresses, leading to impaired mechanotransduction (Zarins et al., 1983; Ku et al., 1985).

Endothelial mechanotransduction has also been proven beneficial in the BBB. Specifically, several studies have demonstrated that exposure of brain EC monocultures or co-cultures to shear stress leads to increased TEER, reduced permeability, and increased expression of junctional proteins (Colgan et al., 2007; Siddharthan et al., 2007; Cucullo et al., 2011; Walsh et al., 2011). For example, Cucullo et al. (2011) found that shear stress application of 6.2 dynes/cm2 to a co-culture of human brain microvascular ECs and astrocytes leads to increased expression of TJ proteins, such as occludin and claudin-5, while simultaneously upregulating protective transporter proteins such as the ABC transporter family. This led to reduced permeability of numerous molecules including mannitol and d-glucose. Although, while this and other studies have correlated shear stress exposure with increased barrier integrity, many of these studies utilize sub-physiological shear stress magnitudes or do not include important supportive cells such as pericytes and astrocytes. Furthermore, while the impacts of shear stress exposure have been demonstrated, the mechanostransducers responsible for the observed impacts are largely unknown. In this section, we will address a prominent endothelial mechanotransducing structure, the GCX, and elaborate upon the potential of this and other mechanotransducers as future therapeutic targets for the treatment of stroke and other diseases associated with BBB dysfunction.


Endothelial Glycocalyx Structure

The endothelial GCX is a transmembrane, proteoglycan-glycoprotein layer extending from the luminal surface of ECs with a reported thickness ranging from 20 nm to 11 mm in vitro and in vivo, depending on the size and location of the vessel, as well as the method of GCX preservation and visualization (Figure 5; Chignalia et al., 2016; Mitra et al., 2017; Harding et al., 2019). Due to its position, the GCX serves as a barrier to vascular permeability (Butler et al., 2020), can regulate the movement and absorption of blood-borne molecules, and can even affect the resistance to blood flow (Mitra et al., 2017; Zhu et al., 2018). These and other GCX functions are understandably largely dependent on the structural composition and stability of the GCX itself.
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FIGURE 5. Structure of the endothelial glycocalyx. The glycocalyx, a mechanotransducer implicated in BBB regulation, extends from the membrane of ECs into the vessel lumen and is largely composed of proteoglycans and glycoproteins. The proteoglycans consist of the core proteins, syndecans, and glypicans, along with their attached glycosaminoglycans: heparan sulfate (HS), chondroitin sulfate (CS), and hyaluronic acid (HA). These chains are also modified by sialic acid (SA), which provides a net negative charge to the structure. Additionally, the glycocalyx contains glycoproteins, such as integrins and immunoglobulins, and soluble proteins, such as albumin. Reprinted from Harding et al., 2019 “Endothelial barrier reinforcement relies on flow-regulated glycocalyx, a potential therapeutic target,” Biorheology, 56 (2–3): 131–149, with permission from IOS Press. The publication is available at IOS Press through http://dx.doi.org/10.3233/BIR-180205.


Glycoproteins of the GCX are protein-glycan conjugates that facilitate interactions with surrounding molecules and cells and include common adhesion molecules located at the base of the GCX. Three types of adhesion molecules play an important role in GCX structure: the selectin family, including E-selectin and P-selectin, which is highly associated with the interaction of leukocytes with the endothelium; the integrin family, which regulates platelet-EC interactions; and the immunoglobulin superfamily, which serve as ligands for integrins and additional mediators of adhesion to the endothelium (Figure 5; Mitra et al., 2017). Another major GCX component, proteoglycans, are core proteins to which many glycosaminoglycan (GAG) chains are covalently attached (Figure 5; Uchimido et al., 2019). Therefore, these proteins control the incorporation of extracellular GCX components into the EC body. The syndecan family of proteoglycans, which is composed of four members, is a unique transmembrane proteoglycan family involved in many biological processes like wound healing and inflammation (Chignalia et al., 2016). The glypican family, another proteoglycan family, is composed of six members and can be bound to glycosyl-phosphatidylinositol anchors within the cell membrane, which may contribute to its functional roles (Figure 5). The GAGs attached to these proteoglycans are composed of repeating disaccharide units and include heparan sulfate, which is the most common GAG on the GCX, chondroitin sulfate, which is believed to be the second most common GAG, and hyaluronic acid, which contributes to the structural integrity of the GAG-protein matrix. Additionally, GAGs and other GCX constituents are extensively modified with sialic acid residues, imparting a net negative charge to the structure. Collectively, these GCX components are highly associated with EC protection in the peripheral vasculature and several studies have even implicated the GCX as a critical component of the BBB, as discussed below (Ando et al., 2018).



Endothelial Glycocalyx and BBB Function

Previous investigations in the peripheral vasculature, mainly using transmission electron microscopy, identified robust expression of the GCX ex vivo (Luft, 1966; van den Berg et al., 2003; Ueda et al., 2004; Ebong et al., 2011). Subsequent studies have implicated GCX of the peripheral vasculature in regulating key EC functions. For instance, abundant GCX expression has been shown to reduce endothelial permeability in multiple vascular beds, including the mesenteric capillaries and glomerular vasculature (Adamson, 1990; Singh et al., 2007). GCX expression in the peripheral vasculature has also been shown to mediate shear stress-induced increases in nitric oxide formation, which promotes vasodilation and in general is associated with vascular health (Ebong et al., 2014; Harding et al., 2018). Specifically, shear stress exposure was shown to increase endothelial nitric oxide synthase activation and expression in a heparan sulfate-dependent nature (Harding et al., 2018). However, whether the GCX is expressed at the BBB and, if so, its thickness and composition had until recently not been studied. The first confirmation of GCX expression in the BBB came in 2017 by Yoon et al. (2017) who identified GCX expression in vivo via fluorescence microscopy. By labeling the GCX with wheat germ agglutinin and performing 2-photon microscopy, which allows for in vivo imaging at sufficient depth, Yoon identified a fluorescent dextran permeation-resistant GCX layer of approximately 1 mm in thickness. In agreement with these findings, another investigation found that GCX within the BBB resists permeation of larger molecules, such as dextran, but not smaller molecules, such as fluorescein and Alexa Fluor antibodies (Kutuzov et al., 2018). The Yoon study also suggested that GCX expression varies in the cerebrovasculature, with the highest expression in arteries and no detectable expression in veins and venules. In 2018, Ando et al. (2018) validated the presence of the GCX in the BBB using electron microscopy. Specifically, transmission electron microscopy demonstrated a robust expression of the GCX in brain capillaries that was greater than the expression in the peripheral vasculature of similar diameter. Furthermore, the study determined that GCX of the BBB is more resistant to inflammation-induced degradation, which is known to occur in numerous indications. These results suggest that GCX integrity may play an even more significant role in regulating BBB function when compared to the peripheral vasculature.

In addition to these studies confirming the presence of the GCX in vivo, other studies have implicated the GCX in regulation of BBB function in physiological conditions. For example, DeOre et al. (2020) recently found that CD44, a hyaluronic acid binding protein, promotes BBB function by regulating BBB permeability in response to fluid shear stress. Specifically, CD44 knockdown led to increased permeability and decreased TEER after 24 h of flow exposure at 0.7 dynes/cm2, demonstrating the importance of CD44 expression in physiological conditions for proper mechanotransduction. In contrast to the beneficial effects of GCX expression in physiological conditions, GCX degradation has been identified in numerous pathologies, such as stroke and traumatic brain injury (TBI), suggesting that GCX degradation may play a functional role in the development of these conditions. For example, one study identified a degraded GCX layer in individuals with cerebral small vessel disease coinciding with white matter lesions (Martens et al., 2013). Another study in rats found that TBI significantly elevates levels of syndecan-1, a major GCX component, in serum samples compared to healthy controls (Jepsen et al., 2014). This is in agreement with other studies, including one using human subjects that identified increased syndecan shedding in response to TBI (Gonzalez Rodriguez et al., 2018). It was even found that repeated, low intensity TBI is sufficient to reduce both GCX thickness and density, which correlated with downstream behavioral deficits (Hall et al., 2017). GCX degradation is also associated with ischemia/reperfusion as occurs in ischemic stroke (Chappell et al., 2009; van Golen et al., 2012). Furthermore, a recent study by Zhu et al. (2018) found that hyaluronic acid degradation in rats via hyaluronidase treatment increases BBB permeability. While these studies demonstrate a correlation between GCX degradation and several neurological conditions, few studies have directly confirmed the role of the GCX in BBB function in physiological conditions. Furthermore, although GCX degradation is associated with ischemia/reperfusion as occurs in ischemic stroke, to our knowledge, no studies have extensively investigated the relationship between GCX expression and ischemic stroke pathology. Thus, future research should focus in these areas.



Other Mechanotransducers Implicated in BBB Maintenance

In addition to the GCX, other endothelial mechanosensors are involved in the maintenance of BBB integrity and permeability. For example, it has been demonstrated that ion channels, particularly the transient receptor potential (TRP) channels, which are mechanosensitive, non-selective, calcium-permeable, cation channels, are heavily expressed on brain microvascular ECs (Chang et al., 2018) and serve as critical regulators of the intact BBB. Specifically, studies have demonstrated that transient receptor potential polycystin-2 (TRPP2; encoded by the PKD2 gene; AbouAlaiwi et al., 2009) and transient receptor potential channel 1 (TRPC1), which are responsible for calcium influx mediation, are highly involved in the response for BBB damage induced by TBI (Berrout et al., 2012). Both channels were suggested to modulate stretch-induced injury via nitric oxide (NO) production and action stress fiber formation in brain microvessel ECs. Marked decrease of the injury-induced calcium response, NO production, and stress fiber formation were observed after interfering with the function of TRPP2 and TRPC1 channel via TRPP2 and TRPC1 channel blockers or siRNA knockdown (Berrout et al., 2012). Ellaine et al. also demonstrated that stretch injury and oxygen glucose deprivation induced a significant increase in calcium ion concentration inside ECs (Salvador et al., 2015). Collectively, these studies suggest that ion channels may serve as potential therapeutic targets for BBB disruption. VE-cadherin has also been shown to regulate BBB function via endothelial mechanotransduction (Walsh et al., 2011). Specifically, Walsh et al. (2011) demonstrated for the first time that VE-cadherin transmits shear signals to occludin via Rac1, leading to BBB stabilization. This mechanosensory function of VE-cadherin likely occurs as part of the junctional mechanosensory complex, which has previously been shown to mediate EC responses to fluid shear stress (Conway et al., 2013).



Endothelial Glycocalyx Regeneration as a Therapeutic Option

To date, limited therapies targeting GCX restoration or protection exist. However, recent in vitro and in vivo animal studies have demonstrated potential promise for GCX-targeted therapeutics aiming to restore endothelial and vascular function associated with endothelial mechanotransduction. For example, spingosine-1-phosphate (S1P), which is a membrane phospholipid metabolite, can protect against shedding of the GCX and induce biosynthesis of GCX components after their shedding (Zeng et al., 2015; Araibi et al., 2020). Specifically, Zeng et al. (2015) found that S1P induces the synthesis of syndecan-1 and incorporates heparan sulfate and chondroitin sulfate chains on ECs. This function was modulated by the phosphoinositide 3-kinase (PI3K) pathway. However, other findings have suggested that S1P induction of cardioprotection against ischemia-reperfusion injury is not relevant to the integrity of syndecan-1 in adult rats but instead via alternative S1P functions (Araibi et al., 2020). Future examination of the effects of S1P will provide greater insight into the mechanisms and potential usage of S1P for GCX recovery and potentially for conditions such as ischemic stroke associated with GCX degradation.

Another treatment strategy referred to as GAG replacement includes GCX repair through the administration of exogenous GAGs, such as heparan sulfate. These include sulodexide, which contains heparin (80%) and dermatan sulfate (20%), and can lead to the reconstruction of endothelium barrier function and inhibition of GCX degrading enzymes (Mitra et al., 2017). Similarly, experiments performed by our research group have shown that heparan sulfate-degraded rat ECs can be treated with exogenous heparan sulfate and S1P to restore GCX structure. Furthermore, not only was this treatment able to restore GCX structure, but it was also able to restore EC function, particularly cell-cell gap junction communication (Mensah et al., 2017). Taken together, these studies demonstrate the potential for GCX protection as a novel approach for treatment of diseases associated with vascular dysfunction. Future work further identifying the mechanisms of GCX-induced regulation of vascular function will corroborate the GCX as a target for vascular related disease. Combining these findings with the development of accurate therapeutics to protect or restore GCX expression may thus aid in the identification of GCX-based therapeutics for BBB protection or regeneration in diseases such as ischemic stroke.




CONCLUSION

Over the past decade, our understanding of normal BBB and NVU functions and the mechanisms underlying BBB disruption during stroke has rapidly increased. It is well known that TJ proteins are complex and dynamic in nature and can be modulated in response to ischemic stroke while alterations of TJs can promote BBB permeability and oxidative stress-associated injury. In addition, endogenous BBB transporters further play a role in regulating BBB permeability and may be disrupted during ischemic stroke. Many therapeutic strategies have been investigated for their usage for ischemic stroke but with the exception of thrombolysis via recombinant tissue plasminogen activator (r-tPA) and endovascular mechanical thrombectomy treatment, these treatments have failed to pass clinical trials. New treatments targeting neuroprotection and neurorestoration, such as NBP and neurotrophins, respectively, are thus needed to help protect tissue injury from increasing in the setting of ischemic stroke. Additionally, endothelial mechanobiology, notably the endothelial GCX mechanotransducer, has been found to modulate BBB integrity and permeability, suggesting its high potential as a therapeutic target for BBB protection and recovery following ischemic stroke. However, the complete role of the GCX in BBB regulation has not been comprehensively studied, and few drugs have been developed for the protection or restoration of GCX components. Future research should further clarify the role of the GCX and other mechanotransducers in regulating BBB function and advance the development of novel therapeutics that target mechanotransducers in hopes of alleviating the impact of ischemic stroke.
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Background: Blood–brain barrier (BBB) disruption has been noted in animal models of Parkinson’s disease (PD) and forms the basis of the vascular hypothesis of neurodegeneration, yet clinical studies are lacking.

Objective: To determine alterations in BBB integrity in PD, with comparison to cerebrovascular disease.

Methods: Dynamic contrast enhanced magnetic resonance images were collected from 49 PD patients, 15 control subjects with cerebrovascular disease [control positive (CP)] and 31 healthy control subjects [control negative (CN)], with all groups matched for age. Quantitative maps of the contrast agent transfer coefficient across the BBB (Ktrans) and plasma volume (vp) were produced using Patlak analysis. Differences in Ktrans and vp were assessed with voxel-based analysis as well as in regions associated with PD pathophysiology. In addition, the volume of white matter lesions (WMLs) was obtained from T2-weighted fluid attenuation inversion recovery (FLAIR) images.

Results: Higher Ktrans, reflecting higher BBB leakage, was found in the PD group than in the CN group using voxel-based analysis; differences were most prominent in the posterior white matter regions. Region of interest analysis confirmed Ktrans to be significantly higher in PD than in CN, predominantly driven by differences in the substantia nigra, normal-appearing white matter, WML and the posterior cortex. WML volume was significantly higher in PD compared to CN. Ktrans values and WML volume were similar in PD and CP, suggesting a similar burden of cerebrovascular disease despite lower cardiovascular risk factors.

Conclusion: These results show BBB disruption in PD.

Keywords: blood–brain barrier, cerebrovascular disease, dynamic contrast enhanced MRI, Parkinson’s disease, neurovascular unit


INTRODUCTION

The blood–brain barrier (BBB) consists of highly specialised, metabolically active cells forming a selectively permeable, highly resistant barrier to diffusion of blood products (Pardridge, 2005). It is closely coupled with glial cells (i.e., pericytes, microglia, oligodendroglia, and astrocyte end-feet), all in close proximity to a neuron; collectively termed the neurovascular unit (Lo and Rosenberg, 2009; Alvarez et al., 2013). Normal functioning of the neurovascular unit ensures healthy function of the BBB and adequate cerebral blood flow, it also maintains the neuronal “milieu” which is required for proper functioning of neuronal circuits and ensures the metabolic needs of the neurons are met (Zlokovic, 2008, 2011). In the neurovascular unit, BBB permeability and cerebral blood flow are mainly controlled by endothelial cells, smooth muscle cells and pericytes; damage to which have been associated with accumulation of neurotoxins and hypoxia leading to neuronal injury and loss (Bell et al., 2010; Montagne et al., 2018).

Neurodegeneration is now understood to be the consequence of multiple factors acting and interacting over time to lead to neuronal dysfunction and death (Carvey et al., 2006; Collins et al., 2012; Sweeney et al., 2019). Neurovascular unit dysfunction, unsurprisingly, contributes to neuronal dysfunction and death; this forms the basis of the “vascular model of neurodegeneration” (Grammas et al., 2011; Zlokovic, 2011; Andreone et al., 2015; Nelson et al., 2015; Zhao et al., 2015; Hachinski et al., 2019). The two pillars of this model are hypoperfusion and BBB disruption, both contributing to the vicious circle of neuronal loss. Studies particularly in the preclinical setting, suggest microvascular pathology and hypoperfusion occurs in the context of neurodegenerative diseases (Brown and Thore, 2011; Zlokovic, 2011; Di Marco et al., 2015; Iadecola, 2017; Kisler et al., 2017). In addition studies in Parkinson’s disease (PD) have revealed vascular remodelling, altered vasculature and abnormal angiogenesis (Faucheux et al., 1999; Farkas et al., 2000; Wada et al., 2006; Chao et al., 2009; Patel et al., 2011; Guan et al., 2013; Janelidze et al., 2015).

Understanding of the pathogenesis of PD centres around the selective and progressive loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc) and its connections with other basal ganglia structures. BBB disruption contributing to neurodegeneration in the SNpc has been reported in PD in animal studies (Barcia et al., 2005; Rite et al., 2007; Chao et al., 2009). In humans, a relatively small positron emission tomography (PET) study in PD patients revealed dysfunction of the BBB transporter system (Kortekaas et al., 2005). A histological study revealed significantly increased permeability of the BBB in the post commissural putamen of PD patients (Gray and Woulfe, 2015). Thus the areas implicated in PD pathology have been shown to demonstrate BBB disruption, yet studies remain few and predominantly in animal models.

Many studies describe hypoperfusion in the posterior cortices in PD, in particular in the posterior parieto-occipital cortex, pre-cuneus and cuneus and temporal regions with variable patterns in the frontal lobe (Ma et al., 2010; Kamagata et al., 2011; Melzer et al., 2011; Borghammer, 2012; Fernandez-Seara et al., 2012). The extent to which BBB disruption impacts perfusion and vice versa (hypoperfusion influencing BBB disruption) is poorly understood. However, both occur at the microvascular level and may be linked. If this is the case, this then suggests that alterations in BBB may also be expected in these posterior regions as well as in regions implicated in PD pathology such as the basal ganglia, where neuronal loss and loss of nigrostriatal projections occurs.

Advances in neuroimaging techniques, in particular quantitative MRI techniques such as arterial spin labelling and dynamic contrast enhanced magnetic resonance imaging (DCE-MRI), have paved the way for studies of the microcirculation in the clinical setting, with DCE-MRI specifically probing BBB integrity (Tofts and Kermode, 1991). Previously applied to measure BBB disruption in tumours, multiple sclerosis and acute ischaemic stroke, recent applications have used this technique to probe more subtle and chronic BBB disruption. Studies include small vessel disease (Wardlaw et al., 2008), Alzheimer’s disease (Starr et al., 2009), mild cognitive impairment and normal ageing (Montagne et al., 2015), vascular cognitive impairment (Taheri et al., 2011) and diabetes (Starr et al., 2003); its value in these settings has been systematically reviewed (Heye et al., 2014). To our knowledge there is no published work on DCE-MRI measures in PD.

We used DCE-MRI to investigate regional alterations in BBB permeability in the context of PD. PD was compared with a control group with known cerebrovascular disease [control positive (CP)] and a control group without known cerebrovascular disease or PD [control negative (CN)]. Our aim was to investigate whether potential changes are simply attributable to co-existing cerebrovascular disease in an ageing population or if a pattern of BBB alterations specific to PD is revealed. Inclusion of the CP group allows us to do this by comparing the pattern of BBB disruption in the PD and CP groups with reference to the burden of cerebrovascular disease in each group, defined by white matter lesion (WML) volume as an accepted surrogate marker of small vessel disease. We hypothesised that BBB disruption in PD would occur in the basal ganglia structures due to the pathophysiology of PD being centred around selective and progressive loss of dopaminergic neurons in the SNpc and nigrostriatal pathways. Therefore, based on the vascular hypothesis of neurodegeneration, these areas should display BBB disruption. We also expected BBB disruption to occur in posterior and frontal cortices given that hypoperfusion, which potentially impacts BBB function, has been noted in these regions in PD. Finally, as BBB alterations in cerebrovascular disease have been found within WML and in the normal appearing white matter (NAWM) (Wardlaw et al., 2017) we also considered alterations in these regions. Hence we investigated BBB changes in basal ganglia, posterior and frontal cortex regions, NAWM and WML, along with a more exploratory voxel-wise analysis across the entire brain.



MATERIALS AND METHODS


Approvals, Recruitment, Eligibility and Consent

Relevant approvals were obtained including National Health Service (NHS) ethical approval (North West – Preston Research Ethics Committee), research governance and local university approvals. PD patients were recruited from Lancashire Teaching Hospitals NHS Foundation Trust and Salford Royal NHS Foundation Trust. Eligibility criteria for PD participants were a clinical diagnosis of PD fulfilling United Kingdom PD society brain bank criteria1 without known clinical cerebrovascular disease (no history of transient ischaemic attack or stroke) or dementia (Emre et al., 2007). Participants with cerebrovascular disease were recruited from patients attending Lancashire Teaching Hospitals with a clinical diagnosis of stroke or transient ischaemic attack within the previous 2 years (and at least 3 months prior to participation) supported by relevant brain imaging (CP). Controls without a history of either PD or clinical cerebrovascular disease were also recruited from the local community (CN). All groups were matched for age. All participants were required to provide written informed consent and had capacity to do so.



Clinical Assessments

Parkinson’s disease assessment included the Unified Parkinson’s Disease Rating Scale (UPDRS)2 during the scan visit. Disease severity was measured using the Hoehn and Yahr rating scale (Hoehn and Yahr, 1967). No alterations were made to the participants’ medications for the study protocol. Routine clinical baseline data were also recorded and the levodopa equivalent daily dose (LEDD) calculated (Tomlinson et al., 2010). A battery of clinical scales was also administered, including the Montreal Cognitive Assessment (MoCA)3 to measure cognition. Demographics and clinical data were compared between PD and control participants using unpaired Student’s t-test for continuous variables or Fisher’s exact test for categorical variables with p value set at <0.05.



MRI Protocol

Participants were scanned on one of two systems running the same software version: a 3.0 T Philips Achieva scanner with an eight channel head coil at Salford Royal Hospital or a separate 3.0 T Philips Achieva scanner with a 32 channel head coil at the Manchester Clinical Research Facility. Involuntary movements in participants were minimised using padding within the head coil.

Both scanners ran an identical MRI protocol. A DCE-MRI dynamic series of 160 3D T1-weighted images [T1 Fast Field Echo (T1-FFE)] were acquired with a temporal resolution of 7.6 s, spatial resolution of 1.5 × 1.5 × 4 mm, and total duration of approximately 20 min. On the 8th dynamic, a gadolinium-based contrast agent (Dotarem) bolus was administered using a power injector. The volume administered was proportional to the weight of the subject with a dose of 0.1 mmol/kg.

Prior to the dynamic scan, a series of additional 3D T1-FFE images were acquired at three flip angles (2, 5, and 10 degrees) in order to calculate a pre-contrast T1 map using the variable flip angle method. A B1 map was also collected in order to correct for B1 field inhomogeneities.

In addition, a 1 mm isotropic 3D T1-weighted image and a T2-weighted fluid attenuation inversion recovery (FLAIR) image were acquired. Please see supplementary material for full details of acquisition parameters.



MRI Analysis


White Matter Lesion Volume Estimation

White matter lesion volume was calculated as an established marker of small vessel disease (Wardlaw et al., 2013). WML volume was estimated using the lesion segmentation toolbox (Schmidt et al., 2012) in SPM8 using both T2-weighted FLAIR images and T1-weighted images as inputs. A threshold of 0.3 was chosen as it gave the most accurate estimates in a sub-study comparing WML volume estimates from the lesion segmentation toolbox with those from semi-automated lesion-growing methods on a subset of the data (n = 51, including representation from all groups, unpublished)4. WML volumes were positively skewed and were therefore cube-root transformed as is commonly done (Stefaniak et al., 2018) before group comparisons using un-paired t-tests.



DCE Analysis

The dynamic series of 160 images were first corrected for motion using the “realignment” option in SPM125, which aligned all DCE-MRI images to the first image in the time-series. A vascular input function was derived from the sagittal sinus (Lavini and Verhoeff, 2010), which was delineated using MRIcro on the final image of the motion-corrected dynamic time series. Regions of approximately 50 voxels were selected. A voxel-by-voxel fit of the dynamic data for both the contrast agent transfer coefficient (Ktrans) and plasma volume (vp) was performed using the uptake or “Patlak” model assuming unidirectional transport of the tracer from the blood plasma to the extravascular, extracellular space. Further details regarding DCE-MRI analysis can be found in Supplementary Material.

Mean images of Ktrans and vp in each of the three groups were created following spatial smoothing using a 3D 3 mm full-width-half-maximum kernel in and visually inspected for differences. Voxel-wise analysis was performed using the SPM12 PET toolbox to determine regional differences in Ktrans and vp between the groups. Ktrans and vp maps were co-registered to the high resolution 3D T1-weighted image and then normalised to Montreal Neurological Institute (MNI) space. The normalised Ktrans and vp maps were spatially smoothed using an 8 mm full-width-half-maximum kernel. Voxel-wise comparisons of Ktrans and vp between the groups were performed, without intensity normalisation, using a two-sample unpaired t-test (unequal variances). Group comparisons were performed between: CN and PD, CP and PD and CP and CN. Regions were considered to show significant group differences at a voxel-level threshold of p < 0.001 uncorrected, and a minimum cluster size of 50 voxels, masked to the intra-cranial volume. Further analysis using family wise error (FWE) correction for multiple comparisons at the cluster level was performed. The MNI coordinates were used to identify regions showing group differences using xjview V 8.146.

Group differences in Ktrans and vp were also assessed in region of interest (ROI) including the basal ganglia, frontal and posterior cortices, WML and NAWM. WML regions were obtained using the co-registered binary lesion masks from the lesion segmentation (see section “White Matter Lesion Volume Estimation”) and care was taken to remove regions of WML from all other ROIs. The caudate (CA), putamen (PU), and pallidum (P) regions were obtained from MNI atlases (Tzourio-Mazoyer et al., 2002; Prodoehl et al., 2008). The substantia nigra (SN) region was manually drawn on the T2-weighted template image from SPM by an experienced researcher. Frontal and selected posterior cortical regions were also defined (in keeping with regions of hypoperfusion in other studies) (Melzer et al., 2011; Fernandez-Seara et al., 2012; Gray and Woulfe, 2015; Al-Bachari et al., 2017) using a combination of regions from the automatic anatomical labelling atlas (Tzourio-Mazoyer et al., 2002). The frontal region consisted of superior and middle frontal gyri and the posterior region of pre-cuneus, cuneus, lingual, superior, and middle occipital gyri. Finally, NAWM was also selected, defined using the mask from the segmentation of the co-registered T1-weighted image, in order to determine the significance of any diffuse differences between the groups. Figure 1 depicts the location of these ROIs. Mean Ktrans and vp values were extracted from each of these regions for each subject. Repeated measures analysis of variance (ANOVA) was performed with factors “group” and “region” to determine any significant difference in Ktrans and vp between the groups with “subject” included as a random effect. A second ANOVA was performed with the addition of age, gender and the cube-root of WML volume as covariates to determine if these factors could explain any variance in Ktrans and vp. Where significant group differences were found, post hoc t-tests were performed with Bonferroni correction where stated. Statistical analyses were conducted using R-Studio Version 1.3.9597.
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FIGURE 1. Location of the regions of interest.




Correlation With Cognitive and Clinical Parameters

Any association between the DCE-MRI parameters and cognitive deficit, medication and disease severity within the PD group was evaluated with a linear mixed effects model and ANOVA. Region (as a factor), MoCA score, LEDD dose and UPDRS score (as continuous variables) and their interaction with region were modelled as fixed effects, and subject was set as a random effect. Where significant interactions with region were found, the fixed effects t-tests and corresponding p values for each region were considered, calculated using Satterthwaite’s approximation in the lmerTest package (Kuznetsova et al., 2017) in R-studio.



RESULTS

Fifty-one PD patients were recruited, 17 CP subjects with cerebrovascular disease (13 with ischaemic stroke, 4 with single or multiple transient ischaemic attacks; mean time since symptom onset and where applicable most recent known transient ischaemic attack = 1.1 ± 0.7 years) and 34 CN subjects. Twenty-eight participants were scanned at Salford Royal Hospital and 74 participants at the Manchester Clinical Research Facility (37 PD, 20 CN, and 17 CP).

Data from seven participants could not be analysed due to (i) participants not tolerating the complete scan procedure (n = 2) (ii) failure of the contrast agent injection (n = 3), resulting in either absent, very low or very distorted vascular input function and (iii) non-physiological values of plasma volume (n = 2); leaving data from 95 participants (49 PD, 31 CN, 15 CP). Summary demographic information from these patients is given in Table 1, along with the WML volume measurements. There were no significant differences in age between the groups. As expected the CP group had more cerebrovascular risk factors than either the PD or CN groups but there was no difference in risk factors between the PD and CN groups. WML volume was significantly higher in the PD group than the CN group, suggesting that, although vascular risk factors are similar, there was increased microvascular pathology in the PD group. WML volume was also higher in the CP group that the CN group, as expected, but not significantly different from the PD group. The PD group had significantly lower MoCA score compared to the CN group, but was not significantly different from the CP group. It is noted that there are significant gender differences between the PD and CN groups, which is addressed directly in a sub-analysis (see Supplementary Materials).


TABLE 1. Demographics and clinical and radiological characteristics of the study group.
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Voxel-Wise Analysis

Figure 2 shows mean images of Ktrans and vp in the three groups. It can be seen that Ktrans is generally higher in PD than in the control groups. The vp maps look similar between the PD and CN group, but the CP group has noticeably lower vp.
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FIGURE 2. Mean images of Ktrans and vp for each group. Images of the mean contrast agent transfer coefficient Ktrans and the plasma volume vp for each group. Individual images were first normalised to MNI space before averaging. A T1-weighted image is shown for reference.


The voxel-wise comparisons revealed significantly higher Ktrans in the PD group than in the CN group (Figure 3 and Supplementary Table 1) in regions including white matter regions of the pre-cuneus bilaterally. Only the largest region in the right pre-cuneus survived cluster-level FWE correction. There were no regions of significantly lower Ktrans in PD than in CN. Ktrans was also significantly higher in the PD group than in the CP group in one region of white matter in the right temporal lobe (Supplementary Table 2). Significantly higher Ktrans was also seen in the CP group than in the CN group (Supplementary Table 3), in the mid cingulum and R cerebellum. Aside from for the PD vs. CN comparison, none of these regions survived the cluster-level FWE correction.


[image: image]

FIGURE 3. Regions of higher Ktrans in the PD group compared to the CN group. t-statistic map overlaid on structural image showing the regions of significantly higher Ktrans in the PD group than in the CN group. Map is thresholded with voxel-level p < 0.001 (uncorrected) and minimum cluster size of 50 voxels. The arrow indicates the cluster that survives cluster-level family wise error correction for multiple comparisons (p < 0.05).


Control positive showed regions of significantly lower vp than CN (Supplementary Table 4) and PD (Supplementary Table 5) in white matter regions of the left and right temporal lobes. No significant voxel-wise differences in vp were seen for PD vs. CN.



ROI Analysis

Figure 4 shows group mean regional values for Ktrans and vp. There was a significant effect of group (F = 3.3, p = 0.04) and region (F = 54.1, p < 0.0001) on Ktrans with post hoc tests showing Ktrans to be significantly higher in PD than in CN (p = 0.03, Bonferroni corrected) and no significant differences between the other two pairwise comparisons. The NAWM, posterior cortex and SN show elevated Ktrans in PD compared to CN when considering differences on a region-by-region basis (p < 0.05, uncorrected). Ktrans is also higher within the WML in PD in comparison to CN. A second ANOVA with WML volume, age and gender included as covariates showed a similar effect of group (F = 3.9, p = 0.02) and region (F = 54.1, p < 0.0001) and no significant effect of WML volume (F = 1.0 p = 0.3), age (F = 1.1, p = 0.3) or gender (F = 0.1, p = 0.8). Post hoc tests again showed Ktrans to be significantly higher in PD than in CN (p = 0.02, Bonferroni corrected).
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FIGURE 4. Mean values for Ktrans and vp in regions of interest for each group. Mean values are given for (A) the contrast agent transfer coefficient Ktrans and (B) the plasma volume vp. Error bars show the standard error in the mean. The significance of post hoc t-tests (uncorrected) between Ktrans in the PD and CN group are shown. SN, substantia nigra; CA, caudate; PU, putamen; P, pallidum; WMLs, white matter lesions; NAWM, normal-appearing white matter; FC, frontal cortex; PC, posterior cortices.


There was a significant effect of region (F = 90.0, p < 0.0001) but not group (F = 1.1, p = 0.3) on vp. The second ANOVA with WML volume, age and gender included as covariates showed a similar result with an impact of region (F = 90.0, p < 0.0001) but not group (F = 1.1, p = 0.3) on vp and no significant effect of WML volume (F = 0.1. p = 0.8), age (F = 2.2, p = 0.1) or gender (F = 0.2, p = 0.6).

To check that differences were not driven by the differences in gender-matching or by the use of two scanners, the regional analysis was repeated with gender-matched groups and with data from only one scanner. Broadly the same regional and group effects were seen for both Ktrans and vp (see supplementary materials).



Correlation With Cognitive and Clinical Parameters

Table 2 summaries the ANOVA findings evaluating the impact of cognitive deficit (MoCA score), medication (LEDD dose) and disease severity (UPDRS score) on the DCE-MRI parameters within the PD group. There are no significant associations between these parameters and Ktrans. In particular, LEDD dose was not associated with Ktrans suggesting that the increased BBB leakage seen in the PD group is not a consequence of medication. A significant effect of LEDD dose on vp was found with higher LEDD dose associated with higher vp.


TABLE 2. Analysis of variance for the impact of cognitive deficit (MoCA score), medication (LEDD dose) and disease severity (UPDRS score) on regional DCE-MRI parameters within the PD group.
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DISCUSSION

The aim of this study was to determine alterations in BBB permeability in PD, by comparison with controls, and to investigate whether potential changes are simply attributable to co-existing cerebrovascular disease in an ageing population or if a pattern of BBB alteration specific to PD is revealed. The results show higher Ktrans, reflecting higher BBB leakage, in PD than in CN (Figures 2, 3 and Supplementary Table 1), with a somewhat different spatial pattern to the differences seen between individuals with known cerebrovascular disease (CP) and CN (Supplementary Table 3). Direct comparison of PD and CP shows higher Ktrans for PD in the white matter of the right temporal lobe (Supplementary Table 2). Blood plasma volume, vp, is similar in PD and CN, with some evidence of lower vp in the CP group (Supplementary Tables 4, 5 and Figure 4). Collectively these data demonstrate BBB disruption in PD can be detected in the clinical setting in keeping with evidence from studies in animal models and post mortem human brain. The Ktrans values (Figure 4) are within the wide range of published values which seem dependent on the specific acquisition and analysis methods and contrast agents used (Raja et al., 2018). A study using the same contrast agent and similar method shows very comparable values (Heye et al., 2016).

Both the voxel-based and the ROI analysis showed higher Ktrans in PD when compared with CN. These results are in keeping with several studies showing altered components of the BBB in PD (Barcia et al., 2005; Carvey et al., 2005; Chao et al., 2009; Sarkar et al., 2014) such as loss of capillaries, an alteration in the capillary calibre and thickened basement membrane (making the BBB less competent) (Brown and Thore, 2011). Our voxel-based analysis approach allows a whole brain view of BBB dysfunction, and, in the whole brain maps, we see a fairly diffuse pattern of BBB disruption in PD, compared to CN. Ktrans differences only reach statistical significance in posterior regions; however, given the requirement for multiple comparisons correction, it would likely require a much larger study for smaller brain regions such as basal ganglia nuclei to survive the statistical threshold. The ROI approach focussed on areas expected to display disease pathology based on our understanding of the pathophysiology of PD. It revealed Ktrans to be generally higher in the PD group than in the CN group. Considering the magnitude and significance of regional Ktrans differences between PD and CN (Figure 4), this is driven mainly by differences in SN, NAWM, WML and the posterior cortex. Alterations in SN and posterior cortex are in keeping with BBB breakdown playing a role in the pathophysiology of PD.

The increased Ktrans in posterior cortical regions in PD is particularly noteworthy as these are the same regions that display hypoperfusion (Borghammer et al., 2010; Melzer et al., 2011; Fernandez-Seara et al., 2012; Al-Bachari et al., 2017) i.e., the results strengthen the argument of a link between BBB leakage and hypoperfusion. Hypoperfusion has been attributed to altered vasculature (string vessels, shorter/loss of capillaries, tortuous vessels), which can hinder normal BBB function (Rite et al., 2007; Guan et al., 2013; Gray and Woulfe, 2015; Fang, 2018). BBB disruption has been attributed to alterations in key components such as tight junctions, potentially caused by pro-inflammatory cytokines and altered vascular endothelial growth factor (VEGF) (Carvey et al., 2009; Matsumoto et al., 2017; Chen et al., 2018). Interestingly a study using albumin (mg/L)/plasma albumin (g/L) ratio in the cerebral spinal fluid (CSF) to measure BBB dysfunction, revealed increased BBB dysfunction in PD compared to controls which was associated with increased CSF biomarkers of angiogenesis (e.g., VEGF) (Janelidze et al., 2015). These substances can also alter perfusion, with enhanced angiogenesis resulting in abnormal vascular permeability in PD. Future longitudinal imaging studies will be important to understand whether hypoperfusion leads to altered BBB function, or vice versa, or in fact whether BBB and perfusion changes have a common cause, for example, inflammation. Furthermore, it will be important to determine what downstream effects these microvascular changes may have on neuronal loss. We did not observe any statistically significant differences in Ktrans between CP and CN unlike other studies which have reported elevated Ktrans post-stroke (Wardlaw et al., 2017). However, the small sample size and high heterogeneity of the CP group may have contributed to this.

White matter lesion have been used as a surrogate marker of SVD (Wardlaw et al., 2013). We find higher WML volume in the PD group than the CN group despite the fact the groups have no significant differences in cardiovascular risk factors. Previous studies of WML in PD however show mixed results (Rabbitt et al., 2006; de Schipper et al., 2019). To investigate whether the WML volume was driving the Ktrans group differences, we used ANOVA with WML volume, age, and gender as covariates and found that there was no significant association between WML volume (or age or gender) and Ktrans. The main finding of higher Ktrans in the PD group than CN was maintained. Recent work has tried to understand the link between BBB dysfunction and WML revealing a continuum of BBB disruption leading to myelin loss and fibrinogen accumulation resulting in WML formation (Muñoz Maniega et al., 2017; Wardlaw and William, 2018; Wardlaw et al., 2019). Indeed NAWM (particularly that surrounding the WML) has been shown to have increased BBB leakage suggesting BBB disruption can precede WML formation (Wardlaw et al., 2017). We do not find a significant association between WML volume and Ktrans, which alongside the higher Ktrans in NAWM in the PD group compared to CN, supports this notion that BBB disruption is diffuse throughout the white matter and perhaps precedes WML formation. It is interesting to note that, within the lesions, Ktrans is significantly higher in the PD group than in the CN group suggesting more severe underlying pathology.

Our measurements of blood plasma volume, vp are not significantly different between PD and healthy controls, which may seem contradictory to the well-reported hypoperfusion in PD, given that blood volume and perfusion are closely related. However, blood flow also depends on the blood velocity within the capillaries which may underlie the observed differences. Indeed, we have previously found significantly prolonged arterial transit time in posterior brain regions in PD, suggesting lower blood velocity (Al-Bachari et al., 2017). Furthermore, vp estimation may also be affected by the rate of trans-endothelial water exchange leading to possible underestimation of vp in the CN group in comparison to the PD group due to the relatively more intact BBB, potentially contributing to the lack of group difference seen. As the Ktrans and vp patterns differed between CP and PD this would suggest that the BBB alterations do not simply occur due to co-existing cerebrovascular disease (indeed PD patients with known cerebrovascular disease were not included in the study and the PD group had significantly fewer cerebrovascular risk factors) but plays an independent role in PD pathophysiology. Together with the increased WML volume in the PD group, this supports the hypothesis that microvascular pathology occurs in PD.

We explored the impact of cognitive deficit (MoCA score), medication (LEDD dose) and disease severity (UPDRS score) on Ktrans and vp within the PD group. LEDD dose was associated with higher vp, which is in keeping with studies that suggest L-dopa increases blood flow in certain regions (Ohlin et al., 2012; Ko et al., 2015). There were no significant associations between any parameter and Ktrans and we conclude that the Ktrans differences between the PD and CN groups are not driven by the differences in MoCA score or by levodopa medications.

One limitation of this study is the significant gender imbalance between the PD and CN groups (Table 1) with relatively more men in the PD group. However, we do not believe this compromises our findings as there are no reports of gender differences in Ktrans values, and secondary analysis of our own data shows consistent findings in a gender-matched sub-group (Supplementary Materials). Likewise we collected data on two different scanners which may have influenced the results; however secondary analysis shows consistent findings in analysis of data from a single scanner (Supplementary Materials). We interpret the higher Ktrans in PD as relating to higher endothelial leakage, but note that Ktrans is also affected by cerebral blood flow. However cerebral blood flow is lower than normal in posterior regions in PD (Barcia et al., 2005; Kortekaas et al., 2005; Tomlinson et al., 2010; Gray and Woulfe, 2015) which would lead to lower Ktrans, and yet we see higher Ktrans in the PD group, implying that the differences are not due to blood flow differences.



CONCLUSION

In conclusion, this study has shown subtle BBB disruption in PD, in key regions implicated in the pathophysiology including the SN, white matter and posterior cortical regions. Further research is needed, including longitudinal clinical imaging studies combining neuronal, metabolic and vascular measurements to better understand disease mechanisms and so identify potential therapeutic targets in PD.
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Nitric oxide serves essential roles in normal vascular physiology, but paradoxically contributes to vascular pathology in disease. During brain ischemia, aberrant nitric oxide levels can cause cellular injury through induction of nitrosative/oxidative stress and post-translational activation of matrix-metalloproteinase-9 (MMP-9). We recently demonstrated that brain pericyte somata were associated with very early and localized MMP-9 activation along capillaries during cerebral ischemia, leading to focal blood-brain barrier disruption. Here, we tested whether this effect was dependent upon nitric oxide production. In vivo two-photon imaging was used to directly visualize MMP9 activity using a FITC-gelatin probe and leakage of intravenous dye during photothrombotically induced capillary ischemia. Results showed that the NOS inhibitor, L-NIL, at concentrations affecting both iNOS and constitutive NOS isoforms, attenuated capillary leakage at pericyte soma-specific locations and substantially reduced FITC-gelatin cleavage. We also found that combined administration of L-NIL and anisomycin, an inhibitor of protein synthesis, led to near complete elimination of FITC-gelatin cleavage and vascular leakage. These results indicate that both nitric oxide synthase and new protein synthesis are involved in the rapid activation of MMP-9 at somata of capillary pericytes during ischemia.
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INTRODUCTION

During stroke, rapid activation of the proteolytic enzyme, matrix-metalloproteinase-9 (MMP9) leads to degradation of the neurovascular unit and compromise of the blood-brain barrier (BBB) (Gasche et al., 1999; Planas et al., 2001; Montaner, 2003; Fukuda et al., 2004). This process can occur within minutes to hours, and worsens stroke outcome by allowing brain entry of toxic blood molecules and by shortening the time window for thrombolytic treatment. Delineating the mechanisms of early BBB disruption in stroke may identify potential targets for therapeutic intervention. Pericytes, the mural cells of the brain’s capillary bed, have been identified as cellular targets in treatment of acute stroke (Dalkara and Arsava, 2012; Zheng et al., 2020). Pericytes are uniquely sensitive to oxidative/nitrosative stress (Yemisci et al., 2009), and their death or aberrant contraction causes impaired cerebral perfusion during both ischemia and reperfusion phases of stroke (Hall et al., 2014; Hill et al., 2015). However, pericytes also appear to induce MMP-9 activity during neuroinflammation (Bell et al., 2012; Machida et al., 2015) and ischemia (Underly et al., 2017). Using in vivo two-photon imaging techniques, we recently showed that pericytes are spatially associated with rapid MMP-9 activation (within 10 min) during ischemia (Underly et al., 2017). This was an unexpected result considering that most prior studies have reported MMP-9 activation hours to days after the ischemic event (Weekman and Wilcock, 2015). To study rapid MMP-9 activity in vivo, we used two-photon microscopy to image mice with labeled pericytes, in combination with a well established probe of MMP-9 activity (FITC-gelatin). This was coupled with a photothrombotic model of capillary occlusion to induce ischemia during imaging, and then rapidly track its pathological consequence. These studies revealed extensive overlap between the somata of capillary pericytes, FITC-gelatin cleavage and leakage of blood plasma. These findings point to pericytes as a trigger for rapid MMP-9 activation, likely through induction of existing pools of MMP-9 or rapid MMP-9 expression. However, the prior studies did not delineate the upstream signals involved in pericyte-associated MMP-9 activation.

Nitric oxide (NO) is a diffusible signaling molecule integral for regulation and maintenance of vascular homeostasis (Bredt et al., 1990; Alderton et al., 2001). Nitric oxide is produced through the oxidation of L-arginine by three isoforms of nitric oxide synthase (NOS) which include neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible NOS (iNOS). Two isoforms, nNOS and eNOS, are considered constitutively active in resting cells and also calcium dependent, while iNOS is activated through stimulation by pro-inflammatory cytokines and is calcium independent. Nitric oxide contributes to rapid post-translational modifications, including S-nitrosylation, tyrosine nitration, and S-glutathionylation, which can result in activation of a wide variety of proteins (Martínez-Ruiz et al., 2011; Bradley and Steinert, 2015). S-nitrosylation is the process by which NO reacts with cysteine thiol residues on proteins to form an S-nitrosylated derivative of the protein. Matrix metalloproteinases (MMPs) are a target for S-nitrosylation during pathological conditions involving rapid increases in NO bioavailability through activation of NOS. S-nitrosylation of MMP-9 has been shown to play a role in neuronal cell death (Gu et al., 2002), and may therefore also be involved in the rapid induction of MMP-9 by pericytes during microvascular ischemia. The purpose of this study was to determine if NOS inhibition is sufficient to reduce MMP-9 activation and vascular leakage associated with pericytes during capillary ischemia in vivo.



RESULTS


Photothrombotically Induced Capillary Ischemia and FITC-Gelatin Imaging in vivo

We previously established a method to induce capillary ischemia in vivo during two-photon imaging, by using focal photothrombotic approach to occlude small regions of capillary bed in the cerebral cortex (Figure 1A; Underly and Shih, 2017). In this model, capillary ischemia results in cessation of flow in a population of capillaries (∼10–12 capillary segments) that are collectively contacted by ∼3–5 capillary pericytes. These ischemic capillary segments experience rapid peri-vascular activation of MMP-9, followed by blood plasma leakage. The sites of MMP-9 activation and leakage appear focal, and occur with twofold to threefold greater likelihood at capillary regions occupied by pericyte somata (Underly et al., 2017). Pericyte soma location was ascertained by using a mouse line in which pericytes were fluorescently labeled (PDGFRβ-tdTomato). These mice were intravenously injected with a 70 kDa Texas red-dextran dye to visualize the microvasculature (Figures 1B–D). The mice were further intracortically injected with a small volume of MMP-2/9 sensitive probe, FITC-gelatin, at the time of cranial window implantation. Altogether, this preparation enabled concurrent imaging of capillary pericyte location, MMP-2/9 activity, microvascular structure, and BBB breakdown with high spatiotemporal resolution in vivo. In conjunction with the photothrombotic model, which allows imaging immediately post-occlusion, very early pathological events associated with ischemia could be observed.
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FIGURE 1. Rapid MMP-9 activation and localized capillary leakage occurs preferentially at pericyte somata. (A) Left, Schematic of experimental approach. In vivo two-photon imaging is used to visualize multiple structures/processes: PDFGRβ-tdTomato mice for visualization of pericytes, intravenous Texas red-dextran dye for capillary structure and BBB leakage, FITC-gelatin for MMP-9 activity. A Ti:Sapphire scanned laser was used for imaging, while a fixed green continuous wave laser was used for photothrombotic occlusion of capillaries. Right, area of tissue labeled by intracortical FITC-gelatin pressure injection (with or without L-NIL). (B) Experimental timeline for surgical procedures and imaging. (C) Example of in vivo imaging data, with pericytes and/or i.v. dye visible in upper row, and FITC-gelatin fluorescence increase due to its cleavage by active MMP-2/9 in the bottom row. The locations of pericyte somata are marked with a circle. (D) Number of focal BBB leakage events occurring at pericyte soma or in non-soma regions. Leakage sites per hour per 0.007 mm3: 3.125 ± 0.398 (pericyte soma), 1.625 ± 0.183 (no pericyte soma). Paired t-test: t(7) = 5.612, ***p = 0.0008, N = 8 mice (one region imaged per mouse) for each treatment group. Data is presented as mean ± S.E.M. (E) Proportion of leakage sites that are positive for FITC-gelatin cleavage. Each bar shows FITC-gelatin positive leakage sites over total number of leakage sites observed. (F) Example of marked co-localization between pericyte soma and early FITC-gelatin activation.




Plasma Leakage Occurs Predominately at Pericyte Somata While FITC-Gelatin Cleavage Occurs at All Leakage Sites

We first sought to reproduce results observed previously (Underly et al., 2017). We tracked the regions of capillary ischemia before photothrombosis, and every 15 min after photo-thrombosis for a period of 60 min (Figure 1B). As ischemia progressed, heterogeneous plasma leakage was observed, which manifested as bright fluorescent foci at the site of leakage onset, surrounded by a diffuse border of fluorescence. Since multiple time-points were imaged, we could identify the original location of leakage, even if the leaked dye diffused away in later time-points. Leakage sites occurred only following complete cessation of flow in the associated capillary segment (Figure 1C). We counted the number of leakage sites at locations containing pericyte somata and those devoid of pericyte somata. Consistent with our prior study, leakage sites occurred with significantly greater frequency (twofold) at pericyte somata compared to regions lacking somata (Figure 1D). All leakage sites contained localized increases in FITC-gelatin fluorescence, irrespective of pericyte location (Figure 1E). At very early time-points following photothrombosis, FITC-gelatin fluorescence could be seen prior to vascular leakage (Figure 1E, FITC-gelatin, 2nd row). In many cases, clear spatial overlap could be seen between this early FITC-gelatin accumulation and the tdTomato-positive pericyte soma, suggesting that the pericytes themselves might be a source of active MMP-9 (Figure 1F). Critically, our past work also showed that FITC-gelatin cleavage at pericyte somata was dependent on MMP-9, rather than MMP-2 using isoform specific inhibitors (Underly et al., 2017). We therefore refer to FITC-gelatin cleavage also as MMP9 activation in this context.



Pericyte Leakage Is Attenuated With a Concentration of L-NIL That Inhibits eNOS/nNOS, but Not iNOS Alone

To determine if NOS activity could be involved in the observed rapid activation of MMP-9, we intra-cortically injected the moderately selective iNOS inhibitor, L-N6-(1-Iminoethyl)lysine (L-NIL), together with FITC-gelatin 30 min prior to photothrombosis. Two doses of L-NIL were tested: A lower dose expected to inhibit primarily iNOS (3.8 μM) and a higher dose (19 μM) expected to begin inhibiting constitutive forms, nNOS and eNOS as well. The low-dose of 3.8 μM affected neither the occurrence of vascular leakage nor MMP-9 activation (Figures 2A,B,D,E). However, the higher dose (19 μM) significantly reduced leakage events and MMP-9 activation occurring at pericyte soma locations (Figures 2C–E). High-dose L-NIL had no effect on vascular leakage at locations lacking pericyte somata. FITC-gelatin cleavage was also reduced at leakage sites lacking pericyte somata, albeit to a lesser extent than at pericyte soma locations. Collectively, these data suggests that constitutive NOS forms (probably eNOS, for which L-NIL is slightly more selective) may be contributing to the overproduction of NO and rapid activation of MMP-9 at pericyte somata during capillary ischemia.
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FIGURE 2. Dose-dependent reduction of pericyte-associated BBB leakage and MMP-9 activity with intracortical L-NIL injection. (A) Representative example of vehicle injected control mouse (same example as in panel of Figure 1F). (B,C) Representative example of mice receiving low-dose (3.8 μM) and high-dose (19 μM) L-NIL. (D) Effect of L-NIL on number of BBB leakage occurring at pericyte soma and non-soma locations. Pericyte soma leakage sites per hour per 0.007 mm3: 3.125 ± 0.398 (vehicle), 2.750 ± 0.453 (3.8 μM L-NIL), 1.125 ± 0.227 (19 μM L-NIL); No pericyte soma leakage sites per hour per 0.007 mm3: 1.625 ± 0.183 (vehicle), 1.750 ± 0.250 (3.8 μM L-NIL), 1.750 ± 0.164 (19 μM L-NIL). One-way ANOVA with Bonferroni post hoc test; F(5, 42) = 6.373, *p = 0.045 overall, ***p = 0.0004 (vehicle soma vs. 19 μM L-NIL soma), **p = 0.0052 (3.8 μM L-NIL soma vs. 19 μM L-NIL soma); N = 8 mice (one region imaged per mouse) for each treatment group. Data is presented as mean ± S.E.M. (E) Proportion of leakage sites with FITC-gelatin cleavage at pericyte soma and non-soma locations with and without L-NIL. Each bar shows FITC-gelatin positive leakage sites over total number of leakage sites observed.




NOS Activity and Protein Synthesis Additively Inhibit Vascular Leakage and FITC-Gelatin Cleavage

We further asked whether rapid MMP-9 activation was entirely a post-translational process or also involved new protein synthesis. To test this, we administered the protein synthesis inhibitor, anisomycin (75 mg/kg, i.p.), either alone or in combination with intra-cortical injection of 19 μM L-NIL (Figure 3). Anisomycin is known the pass the BBB following i.p. injection, and has been shown to inhibit brain protein synthesis by ∼90% within 10 min after peripheral injection (Flood et al., 1973). Anisomycin reduced the number of leakage sites at pericyte somata significantly (Figure 3E), but had no effect on leakage sites away from pericyte somata (Figure 3F). The combination of high-dose L-NIL and anisomycin produced an additive reduction in leakage sites at pericyte somata, nearly eliminating their occurrence entirely (Figures 3E,F). The combination treatment had no effect on leakage sites lacking pericyte somata (Figure 3F).
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FIGURE 3. Additive effect of L-NIL and anisomycin on pericyte-associated BBB leakage. (A–D) Representative examples of pericyte-associated BBB leakage in the vehicle group (A), and with administration of high-dose L-NIL (B), anisomycin (C), and L-NIL + anisomycin (D). (E) Effect of inhibitors on incidence of BBB leakage at pericyte somata. Pericyte soma leakage sites per hour per 0.007 mm3: 3.125 ± 0.398 (veh), 1.125 ± 0.227 (19 μM L-NIL), 1.000 ± 0.327 (anisomycin), 0.250 ± 0.164 (19 μM L-NIL + anisomycin). One-way ANOVA with Bonferroni post hoc test; F(3, 28) = 17.58, ***p < 0.0001 overall, ***p = 0.0003 (vehicle vs. 19 μM L-NIL), ***p = 0.001 (vehicle vs. anisomycin), ****p < 0.0001 (vehicle vs. L-NIL + anisomycin); N = 8 mice (one region imaged per mouse) for each treatment group. Data is presented as mean ± S.E.M. (F) Effect of inhibitors on incidence of BBB leakage at non-soma locations. Non-soma leakage sites per hour per 0.007 mm3: 1.625 ± 0.183 (veh), 1.750 ± 0.164 (19 μM L-NIL), 2.125 ± 0.398 (anisomycin), 1.000 ± 0.267 (19 μM L-NIL + anisomycin). One-way ANOVA with Bonferroni post hoc test; F(3, 28) = 3.015, p = 0.05 overall, non-significant; N = 8 mice (one region imaged per mouse) for each treatment group. Data is presented as mean ± SEM.


We further compared the effects of anisomycin, alone or in combination with L-NIL on MMP-9 activity at leakage locations (Figure 4). Anisomycin reduced the percentage of FITC-gelatin positive leakage sites at pericyte somata by 25% (Figure 4E) and the percentage of non-pericyte leakage sites by 29% (Figure 4F). When the inhibitors were administered together, pericyte-specific leakage sites that were FITC-gelatin positive were completely eliminated (Figure 4E) and FITC-gelatin positive non-pericyte leakage sites were reduced by 87% (Figure 4F). Collectively, these results suggest that post-translation modification of MMPs, via NO, contributes more than protein synthesis in the activation of MMP 2/9 during capillary ischemia. However, both post-translational modification and new expression of MMP-9 may be involved in rapid activation of MMP-9 activity.
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FIGURE 4. Additive effect of L-NIL and anisomycin on MMP-9 activity at both pericyte soma and non-soma locations. (A–D) Representative examples of pericyte-associated FITC-gelatin activation in the vehicle group (A), and with administration of high-dose L-NIL (B), anisomycin (C), and L-NIL + anisomycin (D). (E,F) Effect of inhibitors on proportion of leakage sites with FITC-gelatin activity at pericyte soma or non-soma locations. Each bar shows FITC-gelatin positive leakage sites over total number of leakage sites observed.




DISCUSSION

We have previously shown that pericytes are involved in very early BBB damage during ischemia, and that the vascular damage near their somata corresponds to rapid increases MMP-9 activity (Underly et al., 2017). The speed of this activation implied a post-translational modification of existing pro-MMP-9 pools. We extend these prior studies by examining NO production as a potential upstream signal that leads to this MMP-9 activation. Specifically, we show that pharmacological inhibition of NOS with L-NIL significantly reduces the number of sites of BBB breakdown. A low-dose that inhibits iNOS selectively had no effect, while higher dose that begins to inhibit both nNOS and eNOS as well, blocked both leakage and MMP-9 activity. We also find that MMP-9 activation can be further ameliorated with an inhibitor of protein synthesis, although NO-dependent mechanisms seemed to be the predominant pathway. The combination of both L-NIL and anisomycin led to an additive effect and led to near complete blockade of MMP-9 activity and leakage at pericyte somata, suggesting both mechanisms are at play. From this evidence we speculate that a post-translational modification of MMP-9 by NO (Gu et al., 2002) may be one of the key mechanisms of pericyte-associated BBB breakdown during ischemia. It also suggests that some of the salutary actions of NO inhibition in experimental stroke studies may, in part, be through reduction of pericyte-associated MMP9 activation and BBB disruption (Willmot et al., 2005).

Our findings add further weight to the notion of pericyte sensitivity in vascular pathology by showing that NO can act on pericyte MMP-9 activation very rapidly after ischemic onset. This is complementary to prior work showing that pericytes are exquisitely sensitive to nitrosative/oxidative stress during brain ischemia and (Yemisci et al., 2009). Yemisci et al. (2009) used NO scavengers to reduce aberrant pericyte contraction that could lead to impaired microcirculatory perfusion. More recently, it was shown that amyloid beta induces oxidase stress in pericytes in part through activation of NADPH oxidase 4 (Nox4) in pericytes, leading to their aberrant contraction (Nortley et al., 2019). In the context of amyloid beta toxicity, the NOS blocker L-NNA did not alter pericyte contraction, suggesting against a role for reactive nitrogen species in pericyte contraction and death. However, this may be different in the more rapid and severe pathology of ischemia, where reactive nitrogen species are likely to be produced. Indeed, a recent study by Nishimura et al. (2016) showed marked increase of Nox4 expression in brain pericytes after middle cerebral artery occlusion stroke, which corresponded with BBB breakdown. In parallel studies using pericyte culture, they linked Nox4 over-expression to upregulation of MMP9 gene expression through increased phosphorylation of NFκB. These gene expression changes were seen over longer durations of time after stroke (24–48 h) than the very acute stages studied here. However, they delineate a potential pathway through which anisomycin could block rapid, protein synthesis-dependent MMP9 activity in pericytes during ischemia.

While the source of NO is not entirely clear, it could conceivably be produced by the endothelium, which expresses RNA for eNOS (Nos1) at high levels, but also iNOS (Nos2) at lower levels in the normal brain microvasculature (Vanlandewijck et al., 2018). The proximate localization of the endothelium and pericytes makes for effective NO-MMP-9 interaction. Over-abundance of NO could also be derived from locally affected neurons that express nNOS. Though less well understood, mitochondrial NOS (mtNOS) may also be a potential source of NO from pericytes. Curiously, pericytes are more densely packed with mitochondria, compared to other neurovascular cell types, suggesting that mtNOS may be more prevalent in pericytes (Mathiisen et al., 2010). We further speculate that pericytes are a source of MMP-9 that can be rapidly expressed, or deployed in existing pro-enzyme pools. This is as opposed to infiltration of neutrophils, which have been described as a major source of MMP-9 in cerebral ischemia (reviewed by Turner and Sharp, 2016). Evidence for this comes from observation of clear co-localization in shape between tdTomato-positive pericytes and early FITC-gelatin activation. Also, the initiation of MMP-9 activity occurs in capillaries lacking blood flow, which could not support the recruitment of neutrophils. Other studies have also suggested that pericytes are a source of MMP-9 in vivo (Bell et al., 2012). However, further genetic studies to delete MMP-9 specifically in pericytes at adulthood will be required to fully assess this possibility. Additionally, future work is also necessary to prove that the direct S-nitrosylation of MMP-9 occurs in pericytes. A further limitation is that anisomycin does not solely block the synthesis of MMP9. It is possible that inhibition of other MMP9 regulating proteins was involved in the observed reduction of MMP9 activity.

In summary, our results provide a basis for deeper mechanistic studies on pericytes as inducers of BBB disruption in stroke, and potentially other cerebrovascular diseases were MMP-9 has been implicated in microvascular pathology (Weekman and Wilcock, 2015). Pericytes are in direct apposition to the capillary endothelium making them a particularly ill-placed source of unchecked proteolytic activity. If they are indeed the source of rapid MMP-9 activation during ischemia, their pathological contributions to BBB damage may be significant, widespread, and readily overlooked by other biochemical approaches lacking spatiotemporal resolution to resolve the process. While aberrant NO and MMP-9 are well-established moderators of BBB damage during acute ischemia, our work has added pericytes as a site of convergence for these mechanisms.



METHODS


Mice

Tdtomato reporter mice (Ai14) on a C57/Bl6 background were purchased from Jackson Labs (Jax #: 007914) (Madisen et al., 2010). These mice were crossed with PDGFRβ-Cre mice (Cuttler et al., 2011) to achieve transgene expression in pericytes. Mice were maintained in standard cages on a 12 h light-dark cycle, and housed five or less per cage. Both male and female mice were used, and all mice used were between 2 and 5 months of age.



Surgery

Skull-removed, dura-intact craniotomies (Mostany and Portera-Cailliau, 2008) were generated over the sensorimotor cortex to achieve optical access for two-photon imaging. Intracortical injections of FITC-gelatin and other drugs were performed (see below) when the craniotomies were generated and animals were imaged immediately after sealing the craniotomy with a coverslip. Anesthesia was induced with isoflurane (Patterson Veterinary) at 3% mean alveolar concentration in 100% oxygen and maintained at 1–2% during surgery. Body temperature was maintained at 37°C with a feedback-regulated heat pad. All animals were administered buprenorphine for analgesia prior to surgery at a concentration of 0.025 mg/kg.



In vivo Two-Photon Microscopy

Two-photon imaging was performed with a Sutter Moveable Objective Microscope and a Coherent Ultra II Ti:Sapphire laser source. A wavelength of 800 nm was used for excitation of FITC-gelatin and Texas red-dextran. Excitation was tuned to 975 nm to successively capture tdTomato fluorescence at the start of each experiment. Green and red emission was simultaneously collected using ET525/70m and ET605/70m filter sets, respectively (Chroma Corp.). Throughout the duration of imaging, mice were maintained under light isoflurane (0.75%) supplied in medical air (20–22% oxygen and 78% nitrogen, moisturized by bubbling through water; AirGas Inc.). Pulse oximetry (MouseOx; Starr Life Sciences) was used to monitor blood oxygen saturation and heart rate to ensure that cardiovascular function was normal during imaging.

Procedures for vascular imaging and analysis have been described previously (Shih et al., 2012). Briefly, the blood plasma was labeled by infraorbital vein injection of 0.025 mL of Texas red-dextran (70 kDa, D-1830; Life Technologies) prepared at a concentration of 5% (w/v) in sterile saline. A 4-X, 0.13 NA air objective lens (UPLFLN 4X; Olympus) was used to generate vascular maps of the entire window for navigational purposes. High-resolution imaging was performed using a water immersion 20-X, 1.0 NA objective lens (XLUMPLFLN 20XW; Olympus). Image stacks for data analysis consisted of 200 μm (x) × 200 μm (y) × 150 μm (z) volumes of cortex (sensory region) starting from the pial surface. FITC-gelatin was homogeneously seen throughout this volume of tissue.



Photothrombotic Occlusions

Restricted photothrombotic capillary occlusions have been previous described (Underly and Shih, 2017). Briefly, a focused green laser (1 mW, 20 μm diameter at focal plane) was applied directly to the superficial capillary bed (avoiding pericyte somata) for 25 s following an infraorbital injection of Rose Bengal (0.013 mg/kg). This led to the diffuse irradiation of a population of capillaries surrounding the focal point of the laser.



Quantification of Capillary Leakage Sites

Image stacks collected in vivo using two-photon microscopy were rendered in 3-D using Imaris 7.7 Software (Bitplane). Lateral sampling was 0.41 μm per pixel and axial sampling was 1 μm per pixel. Vascular leakage was quantified from 3-D renderings of the Texas red-dextran labeled channel, and also confirmed in 2-dimensional images by scrolling through z-stacks with Fiji/ImageJ software. This method of quantification was previous described (Underly et al., 2017; Underly and Shih, 2017). Briefly, leakage events were defined as the localized permeation of Texas red-dextran from the intravascular space into the surrounding parenchyma. The sites of leakage were separated into pericyte soma-specific and non-pericyte soma leakage sites based on the localization of the pericyte soma to the central portion of the intravascular dye extravasation. These leakage sites were counted at each time point to give a cumulative total of the number of sites during the 1 h duration of the experiment.



In vivo Gelatin Zymography

A FITC-gelatin probe (Bozdagi et al., 2007) (DQ-Gelatin, D12054; Life Technologies), diluted to a concentration of 1 mg/mL in sterile PBS, was pressure injected into the cortex using a pulled glass pipette (10–20 μm tip diameter). The pipette tip was lowered 250 μm into the cortex following the removal of a circular portion of skull (∼2 mm) over the somatosensory area. A small incision was made in the dura mater using a 26-gauge syringe needle tip to facilitate entry of the glass pipette. FITC-gelatin was injected over 5 min using a Picospritzer (10–20 ms pulses, 5–15 psi, 0.5–2 Hz pulse frequency) until 200 nL was delivered. The injection pipette was then left in place for 10 min before removal from the cortex. The craniotomy was then overlaid with 1.5% agarose, as described previously (Shih et al., 2012), followed by a circular coverslip. The coverslip was fixed in position with dental cement prior to two-photon imaging. Quantification of “MMP-positive” cells was previously described (Underly et al., 2017). Cells that co-localized with pericyte somata (tdTomato) were counted as FITC-gelatin positive pericytes. Areas of heightened FITC-fluorescence that did not co-localize with pericyte somata, but exhibited some cellular morphology, were counted as FITC-gelatin positive non-pericytes.



Nitric Oxide Synthase Inhibition

L-NIL was prepared into stock solutions by dissolving 1 mg/mL L-NIL in sterile PBS and then diluting to working concentrations (3.8, 19 μM) in PBS, together with the FITC-gelatin, which was then injected intracortically.



Protein Synthesis Inhibition

Anisomycin was administered intraperitoneally at a concentration of 75 mg per kg of mouse body weight. Anisomycin was prepared by adding the minimum amount of 1 M HCL required to bring the drug into solution. Sodium hydroxide (1 M) was then added to bring the solution to a neutral pH. Saline was then added to bring the solution to the appropriate concentration (Wanisch and Wotjak, 2008). Intraperitoneal administration of anisomycin was done 30 min prior to taking the pre-occlusion imaging stack for the experiments. Capillary occlusions were made ∼35 min following anisomycin administration.



Statistics

All statistical analyses were performing using Graphpad PRISM 9 software. Statistical details are provided in the legend of each figure.
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Objective: DL-3n-butylphthalide (NBP) has beneficial effects in different stages of ischemic stroke. Our previous studies have demonstrated that NBP promoted angiogenesis in the perifocal region of the ischemic brain. However, the molecular mechanism of NBP for blood–brain barrier protection in acute ischemic stroke was unclear. Here, we explored the neuroprotective effects of NBP on blood–brain barrier integrity in the acute phase of ischemic stroke in a rat model.

Methods: Adult male Sprague–Dawley rats (n = 82) underwent 2 h of transient middle cerebral artery occlusion and received 90 mg/kg of NBP for 3 days. Brain edema, infarct volume, surface blood flow, and neurological severity score were evaluated. Blood–brain barrier integrity was evaluated by Evans blue leakage and changes in tight junction proteins. We further examined AQP4 and eNOS expression, MMP-9 enzyme activity, and possible signaling pathways for the role of NBP after ischemic stroke.

Results: NBP treatment significantly increased eNOS expression and surface blood flow in the brain, reduced brain edema and infarct volume, and improved neurological severity score compared to the control group (p < 0.05). Furthermore, NBP attenuated Evans blue and IgG leakage and increased tight junction protein expression compared to the control after 1 and 3 days of ischemic stroke (p < 0.05). Finally, NBP decreased AQP4 expression, MMP-9 enzyme activity, and increased MAPK expression during acute ischemic stroke.

Conclusion: NBP protected blood–brain barrier integrity and attenuated brain injury in the acute phase of ischemic stroke by decreasing AQP4 expression and MMP-9 enzyme activity. The MAPK signaling pathway may be associated in this process.

Keywords: AQP4, blood-brain barrier, dl-3n-butylphthalide, edema, ischemic stroke


INTRODUCTION

Stroke is one of the leading causes of death and disability worldwide (Feigin et al., 2017). Due to a narrow treatment window, complex pathology, and limited treatment options, stroke ultimately causes patient disability or death, proving to be an enormous economic burden to families and society (Writing Group et al., 2016; Feigin et al., 2017). Approximately 87% of stroke cases are ischemic strokes in the clinic; from the moment cerebral vascular occlusion occurs, the brain tissue suffers a series of pathological cascades including energy failure, increase in reactive oxygen species (ROS), free radical formation, inflammation, and neuronal apoptosis, which could last for several days (Kalogeris et al., 2016). These pathological processes upregulate aquaporin 4 (AQP4) expression and enhance matrix metalloproteinase-9 (MMP-9) enzyme activity. Both AQP4 and MMP-9 increase water uptake and degradation of protein in the blood–brain barrier (BBB) tight junction, which is the main cause of brain edema (Ribeiro et al., 2006; Lakhan et al., 2013; Turner and Sharp, 2016). Brain edema leads to cerebral parenchymal swelling, increased intracranial pressure, and decreased blood flow (Rosenberg, 1999; Mamtilahun et al., 2019). Without medical treatment, edema can result in secondary brain injury and aggravate stroke prognosis.

In the normal brain, the BBB facilitates brain homeostasis by separating the brain tissues from the peripheral circulation. BBB disruption is a canonical pathological characteristic in the acute stage of stroke. It not only causes brain edema but also allows the passage of phagocytes, red blood cells, and metabolic products that induce inflammatory responses and neuronal cell death, which together contribute to the high mortality of ischemic stroke (Yang and Rosenberg Gary, 2011; Obermeier et al., 2013). Hence, targeting BBB protection may be a viable approach for acute ischemic stroke therapy.

Dl-3n-butylphthalide (NBP) is a synthesized drug that was first extracted from Apium graveolens Linn seeds (celery) and approved for clinical usage in China by the National Medical Products Administration of China in 2002 (Wang et al., 2018). Clinical and experimental studies have shown that NBP attenuates cerebral infarct size and neurobehavioral deficiency through multitargeted effects, including antiplatelet aggregation (Wang et al., 2016), improvement of mitochondrial functions, antithrombosis (Qin et al., 2019), and reduction of both neurovascular inflammation (Yang et al., 2019) and apoptosis (Zhang et al., 2010). Previously, we found that NBP treatment promoted middle cerebral artery (MCA) dilation and increased microvessel density in ischemic rats (Qin et al., 2019; Zhou et al., 2019). NBP was approved for acute ischemic stroke stage II clinical studies by the Food and Drug Administration (FDA) in 2016 (Wang et al., 2018). Even though there are extensive studies on the therapeutic effects of NBP in ischemic stroke, more robust evidence regarding its effects and underlying mechanisms is required to recommend universal clinical use. Particularly, the neuroprotective effects of NBP on BBB integrity and its underlying mechanism remain unclear. In the present study, we explored the effect of NBP on the functional and structural integrity of the BBB, and whether AQP4 and MMP-9 are involved in this process.



MATERIALS AND METHODS


Experimental Design

The rat brain surgery procedure and experimental protocol were approved by the Institutional Animal Care and Use Committee (IACUC) of Shanghai Jiao Tong University, Shanghai, China. Adult male Sprague–Dawley (SD) rats (n = 82, Jiesijie Laboratory Animal Co., Shanghai, China), weighing 250–280 g, were used in this study. All rats were kept in a humidity-controlled house at 22–25°C with 12-h dark/light cycling, and were allowed to eat and drink freely. The SD rats underwent 2 h of transient middle cerebral artery occlusion (tMCAO) and were randomly assigned to NBP or vehicle (vegetable oil) treatment by daily oral gavage for 3 consecutive days. Cerebral blood flow was assessed using laser speckle contrast imaging (LSCI) at the five indicated time points (Figure 1A). Neurobehavioral outcomes of tMCAO rats were evaluated by neurological severity score (NSS) on days 1 and 3 after tMCAO, following which, rats were euthanized for further immunohistochemistry analysis. For Western blot and Evans blue analysis, the samples were collected from the indicated parts of the brain (Figure 1B). For immunostaining, five to seven animals in each group, with four brain sections from each animal were used. Next, four peri-infarct areas of each brain section were randomly chosen to take confocal images (Figure 1C).


[image: Figure 1]
FIGURE 1. Schematic for experimental design and brain regions used for immunofluorescence analysis. (A) Graph illustrates the experimental design and sample collection schedule. Male SD rats underwent transient middle cerebral artery occlusion (tMCAO) for 2 h; 90 mg/kg of dl-3n-butylphthalide (NBP) or vehicle was orally administered at 3 h after MCAO (1 h after reperfusion) for the first time, and then twice daily. The modified neurological severity scores (mNSS) scores were evaluated on day 1 and day 3 after tMCAO. (B) Photographs illustrate the brain samples collected after the neurobehavioral tests to evaluate gap formation in the blood–brain barrier (BBB) tight junction proteins. (C) Photographs illustrate brain regions used for immunostaining and analysis.




Surgical Procedure for Transient Middle Cerebral Artery Occlusion

Ischemic brain injury was induced by tMCAO, as described in our previous studies (Li et al., 2013). Briefly, the rat was anesthetized with 4% isoflurane, and anesthesia was maintained with 2% isoflurane during the entire surgical procedure. The body temperature was maintained at 37 ± 0.5°C using a heating pad (RWD Life Science Co., Shenzhen, China). The left common carotid, internal carotid, and external carotid arteries were carefully isolated. A silicon coded 4-0 round top nylon suture (Covidien, Mansfield, MA, USA) was carefully inserted from the left external carotid artery into the internal carotid artery and the origin of the middle cerebral artery. The surface cerebral blood flow (CBF) was monitored, and a decrease to 80% of the baseline value was considered as MCA occlusion. Reperfusion was performed using a suture draw after 2 h of MCAO. To ensure reproducibility of the tMCAO model, the surface blood flow was monitored before and after MCAO, and after reperfusion. Blood oxygen (PO2), blood carbon dioxide (PCO2), blood pH, glucose (Glu), sodium (Na), and potassium (K) were determined using an i-STAT system (Abbott Point of Care Inc., Princeton, NJ, USA). NBP (purity > 99.5%) was obtained as a gift from Shijiazhuang Pharmaceutical Group Co. Ltd., China, and dissolved in vegetable oil. tMCAO rats were randomly divided into two groups: NBP treated and control group. NBP (90 mg/kg) or equal volume of vegetable oil was orally administered 3 h after MCAO for the first-time treatment, and then twice daily until sacrificing the animals. MAPK signaling inhibitor PD98059 (10 mg/kg, Meilun, Dalian, China) were tail intravenously injected to rats 1 h before tMCAO as per manufacturers' instruction.



Evaluation of Neurological Severity Score

At 1 and 3 days after tMCAO, modified NSS (mNSS) was examined to evaluate animal neurological status including sensory, motor, reflex, and balance tests (Tang et al., 2014). The normal mNSS was 0, and the maximal deficit score was 14 (Li et al., 2000). Rats were raised by the tail, and the flexion of the forelimb was tested for motor function evaluation (0–3). Rats' gait was examined by placing them on the floor (0–3). For the beam balance test, rats were placed on a 60-cm-long beam, and their posture was examined (0–6). The sensory tests (0–2) for touch-reflex were used to assess the pinna and corneal reflex.



Laser Speckle Contrast Imaging

LSCI was performed using a high-resolution laser speckle contrast imaging system (LSCI-2 system, Dolphin BioTech Ltd., Shanghai, China). The imaging protocol has been described previously (Lin et al., 2013). After anesthetizing the rats, a midline incision was made on the scalp, and the skull was exposed. A dental drill was used to remove the surface of the skull until surface blood vessels were detected beneath the skull. Raw speckle images (696 × 512 pixels, 40 μm/pixel) were acquired at 23 fps (exposure time T = 5 ms) under 780 nm laser illumination. In each measurement, 20 consecutive frames of speckle images were detected and recorded. Image processing was carried out offline using MatLab software. In order to reduce the noise, the raw LSCI images were aligned using the registered laser speckle contrast analysis method (Wang et al., 2019). The registered speckle images were then analyzed using a random process estimator method to detect the contrast image with improved signal-to-noise ratio (Miao et al., 2010). Relative blood flow was calculated as described in our previous study (Lin et al., 2013). The CBF was detected using LSCI before MCAO, 10 min after occlusion, 20 min after reperfusion, and 4.5 and 12 h after occlusion in NBP-treated and control rats.



Assessment of Brain Edema and Ischemic Infarct Volume

Frozen brain sections 20 μm in thickness from the anterior commissure to the hippocampus were collected for immunohistochemistry. Serial frozen sections, 20 μm in thickness and 200 μm in interval from the frontal cortex were stained with 0.1% cresyl violet (Meilun Chemical Reagent Co., Dalian, China). Infarct volume was determined by subtracting the area stained with cresyl violet in the ipsilateral hemisphere from that of the contralateral hemisphere using the Image J software (NIH, Bethesda, MD, USA, RRID: SCR_003070), and then multiplying by section interval thickness.

[image: image]

The h = 0.2 mm represents the distance between each section, and S represents the area (mm2) in each brain section.



Determining Permeability of the Blood-Brain Barrier

Rats were sacrificed after 1 and 3 days of tMCAO using a high dose of chloral hydrate (10%) anesthesia. The extravasation of Evans Blue (EB, Sigma-Aldrich, St. Louis, MO, USA) and IgG were used to assess BBB permeability. EB dye solution (2% EB dye in saline, 4 ml/kg) was injected through the left jugular vein at 4.5 h, 1 day, and 3 days after tMCAO (Tang et al., 2014). The rats were sacrificed via cardiac perfusion after 2 h of EB circulation under anesthetized conditions. Both brain hemispheres were weighed, and the samples were homogenized in 1 ml of 50% trichloroacetic acid solution to extract EB, followed by centrifugation at 12,000 g for 20 min. The supernatant was diluted with 100% ethanol at a ratio of 1:3. The amount of EB was quantified at 610 nm using a spectrophotometer (Bio-Tek, Winooski, VT).

IgG was examined as previously described (Tanno et al., 1992; Tang et al., 2014). Briefly, brain slices were fixed in 4% paraformaldehyde (PFA) solution, blocked in 10% bovine serum albumin (BSA), incubated in biotinylated antibody for 30 min at room temperature, and incubated in Avidin: Biotinylated Enzyme Complex (ABC) reagent (Vector Labs, Burlingame, CA, USA) for 30 min. DAB staining was used for the visualization of immune reactivity (Vector Labs, Burlingame, CA, USA), and the sections were counterstained with hematoxylin. We randomly chose four fields from the area of interest in each section and used the Image J software (NIH, Bethesda, MD, RRID: SCR_003070) for mean integrated optical density (IOD) analysis.



Immunohistochemistry

Brain sections were fixed for 10 min in cold methanol at 4°C, then blocked with 10% BSA for 1 h at room temperature after washing with PBS thrice. The brain sections were then incubated with antibodies against occludin (1:100, Invitrogen Cat# 33-1500, RRID: AB_87033), zonula occludens-1 (ZO-1, 1:100, Invitrogen Cat# 61-7300, RRID: AB_138452), and CD-31 (1:200, R&D Systems Cat# AF3628, RRID: AB_2161028) overnight at 4°C. The sections were stained with fluorescence-conjugated secondary antibodies for 1 h at 37°C after washing with PBS thrice. The gap length was shown as a percentage (%) of the whole tight junction staining. Similarly, four brain sections were stained for each animal, and four fields were randomly selected from each brain section (upper, middle, and bottom of the peri-infarct region), using confocal microscopy. Data were analyzed using the Image J software (NIH, Bethesda, MD, USA, RRID: SCR_003070).



Western Blot Analysis

At 1 and 3 days after tMCAO, fresh rat brains were collected and sectioned into 2-mm slices that included the ischemic core and peri-infarct areas in a rat brain mold (RWD Company, Shenzhen, China), and peri-infarct areas were collected from the ipsilateral cerebral hemisphere for the Western blotting experiments. Homogenizing buffer (RIPA with protease cocktail inhibitor, phosphatase inhibitor, and phenylmethanesulfonyl fluoride) was used for the brain sample collection. The homogenate was centrifuged at 12,000 g, and the pellets were discarded. Protein concentration was examined using a BCA kit (Meilun, Dalian, China), and 40 μg of protein from each group was loaded onto 10% resolving gel for electrophoresis. Then protein was transferred to a nitrocellulose membrane (GE Healthcare Life Sciences, Pittsburgh, PA, USA), and 5% skim milk was used for blocking. Next, the membranes were incubated with primary antibodies against AQP4 (1:1,000, Santa Cruz Biotechnology Cat# sc-58612, RRID:AB_781471), occludin (1:1,000, Invitrogen Cat# 33-1500, RRID: AB_87033), zonula occludens-1 (ZO-1, 1:1,000, Invitrogen Cat# 61-7300, RRID: AB_138452), eNOS (1:1,000, BD Biosciences Cat# 610298, RRID:AB_397692), phospho-MAPK (1:1,000, Cell Signaling Technology Cat# 4370, RRID:AB_2315112), MAPK (1:1,000, Cell Signaling Technology Cat# 4695, RRID:AB_390779), and β-actin (1:1,000, Santa Cruz Biotechnology Cat# sc-47778 HRP, RRID:AB_2714189) overnight at 4°C. HRP-conjugated secondary antibody and enhanced chemiluminescence substrate (Pierce, Rockford, IL, USA, www.piercenet.com) were used for visualization after washing thrice with TBST buffer. The results of chemiluminescence were assessed with an imaging system (Bio-Rad, Hercules, CA, USA, www.bio-rad.com). The relative levels of AQP4, occludin, ZO-1, and eNOS were normalized to that of β-actin. The pMAPK levels were normalized to those of total MAPK.



Real-Time PCR Analysis

Total RNA from brain tissue samples was isolated using TRIzol Reagent (Life Technologies). RNA concentration was examined using a spectrophotometer (NanoDrop 1000, Thermo Fisher) followed by a reverse transcription process using the PrimeScript RT reagent kit (TaKaRa, Dalian, China, www.takara.com.cn). SYBR Premix Ex Tag Kit (TaKaRa, Dalian, China) was used to perform real-time PCR. A two-stage RT-PCR amplification reaction was performed under the following conditions: 95°C for 30 s, followed by 40 cycles at 95°C for 5 s, and at 60°C for 30 s. The primer sequences were: AQP4 forward primer: 5′-GGGTTGGACCAATCATAGG CG-3′, reverse primer: 5′-GCAGGAAATCTGAGGCCAGTTCTAGG-3′; MMP-9 forward primer: 5′-CGCTGACAAGAAGTGGGGTTT−3′, reverse primer: 5′-TACAGATGGTGGATGCCTTTTA G−3′; GAPDH forward primer: 5′-TGAACGGGAAGCTCACTGG−3′, reverse primer: 5′-GCTTCACCACCTTCTTGATGTC-3′.



Gelatin Zymography

Previous zymography protocol was followed here (Cai et al., 2015). Briefly, 50 μg samples were diluted in the zymogram sample buffer (Bio-Rad) and electrophoresed using SDS-PAGE for ~2.5 h. Then the gels were incubated four times in renaturing buffer (2.5% Triton X- 100, 50 mmol/L Tris-HCl) for 15 min each with gentle shaking, and then moved to developing buffer for 30 min with gentle shaking at room temperature. Next, gels were stained with Coomassie Blue (0.05% Coomassie Brilliant Blue, 30% methanol, 10% acetic acid) for 3 h after incubation in fresh developing buffer for 3 days at 37°C, and then 30% methanol containing 10% acetic acid was used for de-staining to achieve proper color contrast. The final bands were quantified using the Image J software (NIH, Bethesda, MD, USA, RRID: SCR_003070).



Statistical Analysis

Data are shown as mean ± SD. Statistical analysis was performed using SPSS and GraphPad PRISM 6.0 software (RRID: SCR_002798) for both parametric and non-parametric comparisons. Unpaired two-tailed Student's t-test (between two groups) and one-way ANOVA followed by Student–Newman–Keuls (among multiple groups) were used to evaluate statistical significance. Differences with p < 0.05 were considered significant.




RESULTS


NBP Attenuated Brain Edema, Increased Cerebral Blood Flow, and Improved Neurobehavioral Outcomes in Transient Middle Cerebral Artery Occlusion Rats

Blood parameters including pH, PCO2, PO2, sodium, potassium, and glucose concentration were measured before the surgery, 10 min after occlusion, and immediately after reperfusion. No significant changes in physiological parameters were detected before and after tMCAO operation (Table 1). Since ischemia-induced BBB disruption could lead to brain edema, we measured brain edema and brain infarct volume in NBP-treated rats at 1 and 3 days after tMCAO. The results showed that the ischemic infarct area decreased in the NBP-treated rats compared to that of the control (Figure 2A). It was noted that the infarct area was limited to the striatum in the NBP-treated rats, while it was larger in both the cortex and striatum of control rats. NBP treatment also decreased the brain edema volume and infarct volume (Figures 2B,C) compared to the control after 1 and 3 days of tMCAO (p < 0.05). Meanwhile, the mNSS evaluation showed that NBP treatment reduced neurobehavioral deficiency after ischemic brain injury both at 1 and 3 days of tMCAO (p < 0.01, Figure 2D).


Table 1. Analysis of blood parameters.
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FIGURE 2. NBP reduced edema and improved neurobehavioral outcomes in tMCAO rats. (A) Photomicrography represents the cresyl violet staining in NBP-treated and the control rats at 1 and 3 days after tMCAO. The dashed line indicates the border of the infarct area. Semi-quantification of the brain edema volume (B) and the infarct volume (C) in the NBP-treated and the control rats at 1 and 3 days after tMCAO. (D) Bar graph shows the mNSS assessment in the NBP-treated and the control rats at 1 and 3 days after tMCAO. Data are mean ± SD; n = 8 per group; *p < 0.05 and **p < 0.01; NBP-treated rats vs. control rats.


A laser speckle contrast imaging system was used to monitor CBF during tMCAO surgery and assess the CBF dynamic changes after NBP treatment. The results showed that NBP treatment significantly increased CBF after reperfusion (p < 0.05) and maintained the increase until 12 h after tMCAO (p < 0.01). Meanwhile, the control group showed a decreasing tendency in CBF changes after reperfusion (Figures 3A,B). To further explore which molecular mechanism induces increase in CBF, we examined endothelial nitric oxide synthase (eNOS) expression due to its role in vasodilation (Coletta et al., 2012). Our results showed that NBP treatment increased eNOS protein expression compared to the control at 4.5 and 24 h after occlusion (Figures 3C,D, p < 0.05), which could explain why CBF increased after NBP treatment.


[image: Figure 3]
FIGURE 3. NBP increased cerebral blood flow (CBF) in rats after tMCAO. (A) Photomicrographs show CBF measured by Laser speckle contrast imaging (LSCI) at the baseline, 10 min after MCAO, 10 min after reperfusion, and 4.5 and 12 h after occlusion in NBP-treated and control animals. (B) Bar graph shows the change in surface CBF in the ipsilateral hemisphere at different time points. Data are mean ± SD; n = 5 per group; *p < 0.05 and **p < 0.01; NBP-treated group vs. control animals. Bar graphs show Western blot images (C) and eNOS protein expression (D) in the NBP-treated and the control rats at 2.5 and 24 h after reperfusion. Data are mean ± SD; n = 3 per group; *p < 0.05 and **p < 0.01; NBP-treated group vs. control animals.




DL-3n-Butylphthalide Protected Blood–Brain Barrier Integrity After Transient Middle Cerebral Artery Occlusion

To evaluate BBB functional integrity, we injected 2% Evans blue (EB) in the rats using the jugular vein on 4.5 h, day 1, and day 3 after tMCAO. EB extravasation was limited to the striatum of the ipsilateral hemisphere after NBP treatment, while EB extravasation was detected in both the striatum and cortex in the control group (Figure 4A), which was consistent with the cresyl violet staining results (Figure 2A). The quantification of EB results showed that the total amount of extravasated EB decreased in NBP-treated rats compared to the control at 1 and 3 days after tMCAO (p < 0.01, p < 0.001, Figure 4B). To further evaluate BBB permeability, we stained the brain sections with the IgG antibody to assess the severity of the IgG invasion at 1 and 3 days after tMCAO. Results showed that IgG invasion mainly occurred in the striatum of NBP-treated rat brains, while both striatum and cortex showed IgG invasion in the control (Figure 4C). Semi-quantification analyses showed that NBP treatment decreased IgG invasion compared to the control at 1 and 3 days after tMCAO (p < 0.01, p < 0.05, Figure 4D). Furthermore, to investigate whether NBP protected BBB structural integrity, we stained the tight junction proteins ZO-1 and occludin with endothelial cell marker CD31. The confocal microscopy images showed that NBP treatment significantly attenuated ZO-1 and occludin-mediated gap formation in the microvessel wall induced by stroke, thereby preserving tight junction protein structural integrity at 1 and 3 days after tMCAO (Figures 5A–D).


[image: Figure 4]
FIGURE 4. NBP reduced BBB leakage in rats after tMCAO. (A) Photographs shows Evans blue (EB) exudation for the whole brain and brain sections in the NBP-treated and control rats at 1 and 3 days after tMCAO. The value of extravasated EB was recorded by a spectrophotometer at 610 nm (g). (B) Bar graph shows semi-quantification for the relative EB extravasation in the NBP-treated and the control rats at 4.5 h, 1 day, and 3 days after tMCAO. Data are mean ± SD; n = 8 per group; **p < 0.01 and ***p < 0.001; NBP-treated rats vs. control rats. (C) Photographs show the IgG leakage in the ipsilateral hemisphere of NBP-treated and control rats following 1 and 3 days after tMCAO. (D) Bar graph shows semi-quantification of IgG extravasation in the NBP-treated and control rats. Data are mean ± SD; n = 7 per group; **p < 0.01, and ***p < 0.001; NBP-treated rats vs. the control rats.



[image: Figure 5]
FIGURE 5. NBP reduced BBB tight junction disruption in rats after tMCAO. (A) Photomicrographs show the ZO-1 (green) and CD31 (red) double immunostaining in the NBP treated and control rats at 1 and 3 days after tMCAO. Scale bar = 25 μm. (B) Bar graph shows the semi-quantification of gap length for ZO-1-positive staining. (C) Photomicrographs showed the occludin (green) and CD31 (red) double immunostaining in the NBP-treated and control rats at 1 and 3 days after tMCAO. Scale bar = 25 μm. (D) Bar graph shows the semi-quantification of gap length for occludin-positive staining. Data are mean ± SD; n = 5 per group; **p < 0.01, ***p < 0.001; NBP-treated rats vs. the control rats.




DL-3n-Butylphthalide Preserved Blood–Brain Barrier Integrity by Decreasing AQP4 Expression and MMP-9 Activity After Transient Middle Cerebral Artery Occlusion

AQP4 overexpression and disruption of ionic balance contribute to brain edema after ischemic brain injury (Yang et al., 2007; Kleffner et al., 2008). Our results demonstrated that NBP could downregulate AQP4 expression at both the protein (p < 0.01, p < 0.05, Figures 6A–D) and mRNA levels (p < 0.01, Figure 6E). Occludin expression increased in NBP-treated rats at 1 and 3 days after tMCAO, while ZO-1 expression only increased at 3 days after tMCAO (Figures 6A–D, p < 0.05).


[image: Figure 6]
FIGURE 6. NBP decreased AQP4 expression and tight junction protein loss after tMCAO. Photomicrographs showing the Western blot of AQP4, ZO-1, and occludin expression in the NBP-treated and control rats at 1 (A) and 3 days (B) after tMCAO. Bar graphs show the semi-quantification of AQP4, ZO-1, and occludin expression in the NBP-treated and control rats at 1 day (C) and 3 days (D) after tMCAO, and relative AQP4 (E) and matrix metalloproteinase-9 (MMP-9) (F) mRNA expression in the NBP-treated and control rats. Data are presented as mean ± SD; n = 3 per group; *p < 0.05, **p < 0.01, ****p < 0.0001; NBP-treated rats vs. control rats.


MMP-9 mediates BBB permeability by degrading tight junction proteins in the acute stage of stroke (Yang et al., 2007; Rosell et al., 2008). We next examined whether NBP had a protective effect on BBB permeability by reducing MMP-9 activity after ischemic brain injury. First, we found that MMP-9 at the mRNA levels decreased in the NBP-treated rats compared to the control after 1 and 3 days after tMCAO (p < 0.05, Figure 6F). Second, to evaluate the MMP-9 enzyme activity, gelatin zymography was performed in the NBP-treated and control rats at 1 and 3 days after tMCAO. Results showed that MMP-9 activity was reduced in the NBP-treated rats compared to the control rats at 3 days after tMCAO (p < 0.01, Figures 7A,B).


[image: Figure 7]
FIGURE 7. NBP decreased MMP-9 enzyme activity, increased MAP kinases phosphorylation after tMCAO. (A) Photomicrograph shows zymography in NBP-treated and control rats at 1 and 3 days after tMCAO. (B) Bar graph shows the semi-quantification of active MMP-9 levels. Data are mean ± SD; n = 4 per group; **p < 0.01; NBP-treated rats vs. control rats. (C) Photomicrograph showed a Western blot of MAP kinases phosphorylation in the NBP-treated, control, and sham rats. (D) Bar graph shows semi-quantification of phospho-MAP kinase at 3 days after tMCAO. (E) Photomicrograph showed a Western blot of MAP kinases phosphorylation in the sham, Control, and PD98059+NBP-treated rats. (F) Bar graph shows semi-quantification of phospho-MAP kinase at 3 days after tMCAO. Data are mean ± SD, n = 3 per group; *p < 0.05, **p < 0.01; NBP-treated rats vs. control rats.




MAPK Signaling Pathway Involved in the Protective Role of DL-3n-Butylphthalide After Transient Middle Cerebral Artery Occlusion

To further explore the signaling pathway involved in the protective role of NBP on BBB integrity after tMCAO, we examined the MAPK signaling pathway. The results showed that MAP kinase phosphorylation decreased in the NBP-treated rats compared to the control at 3 days after tMCAO (Figures 7C,D, p < 0.05). PD98059 inhibited MAPK phosphorylation in PD98059+NBP-treated group compared to the control group after tMCAO and diminished the effect of NBP on MAPK phosphorylation (Figures 7E,F, p < 0.05).




DISCUSSION

In the present study, we demonstrated that NBP (1) attenuated ischemia-induced brain edema and neuronal death; (2) improved neurological function recovery; (3) inhibited AQP4 expression in the ischemic brain and reduced tight junction protein loss; (4) and partially inhibited MMP-9 expression and activity (5) through the possible MAPK signaling pathway associated in BBB disruption (Figure 8). Our results provide experimental evidence that NBP improves the damaged BBB integrity during brain edema, suggesting that NBP could be used for BBB disruption induced by ischemia or other brain diseases.


[image: Figure 8]
FIGURE 8. Therapeutic effect of NBP during tMCAO. Diagram illustrates that adult SD rats underwent tMCAO and were treated with NBP for 3 days. The results demonstrated that NBP treatment could increase CBF of the ipsilateral hemisphere, attenuate infarct volume and brain edema, reduce BBB disruption, and inhibit ischemia-induced increase in AQP4 and MMP-9 expression, which is associated with MAP kinase phosphorylation.


Ischemic brain injury is common; it causes neuronal apoptosis, inflammatory response, free radical oxidants, and BBB disruption (Feigin et al., 2017). The disrupted BBB allows vasculature-derived substances to infiltrate the brain, induces secondary brain injury and edema, and aggravates ischemic stroke outcomes (Sandoval and Witt, 2008). We chose days 1 and 3 after tMCAO because BBB damage occurs in the early stage after stroke (Rosenberg, 1999; Khatri et al., 2012). We present the data at days 1 and 3 to interpret the effect of NBP on BBB integrity after ischemia. NBP has been used in the acute phase after ischemic stroke after several studies demonstrated its neuroprotective effects including dilation of blood vessels, promotion of angiogenesis, suppression of inflammation, antioxidative stress, protection of the structure and function of mitochondria, and inhibition of thrombosis (Abdoulaye and Guo, 2016; Qin et al., 2019; Yang et al., 2019; Zhou et al., 2019). NBP also attenuated ischemic brain injury by decreasing infarct volume, neuronal apoptosis, and neurological deficits in the peri-infarct areas in a rat disease model (Li et al., 2010; Zhang et al., 2012a,b). Clinical and experimental studies showed that as a lipid-soluble drug, NBP could directly pass through the BBB and exert its protective effects on the brain (Liu et al., 2007; Cao et al., 2009; Liao et al., 2009; Wang et al., 2011; Zhang et al., 2012a, 2017). In vitro study showed that NBP could protect BBB tight junction protein by decreasing the endothelial intracellular ROS generation (Ye et al., 2019). Our results demonstrated that NBP had protective effects on the BBB in an acute ischemic stroke animal model. The results showed that NBP reduced tight junction protein loss and AQP4 expression. Since the inhibition of AQP4 protein ameliorated ischemic brain injury by reducing early cytotoxic brain edema, NBP may further protect the BBB from ischemia and reperfusion injury by downregulating AQP4. Preservation of the BBB tight junction proteins is essential for maintaining BBB integrity, which prevents secondary brain injury and is closely correlated with AQP4 downregulation (Tang et al., 2014; Filchenko et al., 2020). NBP has a therapeutic effect on the disrupted BBB in the early phase of ischemic stroke.

MMP-9 also plays a critical role in maintaining BBB integrity (Cai et al., 2015). Studies have shown that MMP-9 is not only involved in the pathogenesis of BBB disruption and subsequent vasogenic edema following stroke but also in hemorrhagic transformation (Lakhan et al., 2013; Shi et al., 2016). MMP-9 upregulation results in the degradation of tight junction proteins such as ZO-1, occludin, and the basal lamina, ultimately triggering BBB disruption and brain edema in the acute stage of stroke (Yang et al., 2007; Lee et al., 2013; Mamtilahun et al., 2019). The inhibition of MMP-9 could reverse this effect (Wang et al., 2012). Here, we found that NBP could inhibit MMP-9 mRNA expression and MMP-9 enzyme activity. NBP-mediated MMP-9 activity downregulation could reduce BBB tight junction protein degradation and protect BBB integrity.

Additionally, we found that NBP increased MAP kinase phosphorylation. Studies have shown that MAP kinase ERK1/2 modulates the internalization and degradation of tight junction proteins claudin-2, claudin-4, occludin, and ZO-1 (Rincon-Heredia et al., 2014; Stamatovic et al., 2017). Phosphorylation of MAPK is usually induced by pro-inflammatory stimuli; it also can be activated by growth factor (Sun and Nan, 2016). In the present study, we found that NBP treatment modulated the MAPK phosphorylation to the same level as the sham group after tMCAO, and treating with MAPK inhibitor reversed the result. Previous studies showed that NBP treatment upregulates the VEGF and basic fibroblast growth factor (bFGF) expressions in ischemic stroke patients and improve neurobehavioral recovery in rat ischemic stroke model (Liao et al., 2009; Tang et al., 2017; Zhou et al., 2019); growth factor binds to its receptor to activate MAPK by B-Raf (Kao et al., 2001). Taken together, the increased phosphorylation of MAPK may be due to the upregulated growth factor after NBP treatment, which is closely related to angiogenesis and long-term recovery after stroke. Our results support that NBP protects BBB integrity by increasing the phosphorylation of MAP kinase pathway after stroke.



CONCLUSION

Our study demonstrated that NBP treatment increased CBF and preserved BBB integrity by inhibiting AQP4 and MMP-9 enzyme activity. MAP kinases signaling pathways are possibly associated in this mechanism.
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Chronic cranial windows allow for longitudinal brain imaging experiments in awake, behaving mice. Different imaging technologies have their unique advantages and combining multiple imaging modalities offers measurements of a wide spectrum of neuronal, glial, vascular, and metabolic parameters needed for comprehensive investigation of physiological and pathophysiological mechanisms. Here, we detail a suite of surgical techniques for installation of different cranial windows targeted for specific imaging technologies and their combination. Following these techniques and practices will yield higher experimental success and reproducibility of results.
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INTRODUCTION

The utilization of multiple imaging modalities in neuroscience enables comprehensive investigation of brain structure and function. Each imaging technology has unique advantages and disadvantages. For example, while ultrasound (US) allows whole-brain imaging of cerebral blood flow, it cannot achieve micron resolution. On the other hand, two-photon (2-P) microscopy yields micron resolution but is limited by relatively shallow penetration (in common practice, limited to the upper cortical layers) and relatively small field of view (usually, <1 mm).

Previous studies have described design and surgical implantation of chronic cranial windows in mice enabling longitudinal measurements (Mostany and Portera-Cailliau, 2008; Holtmaat et al., 2009; Andermann et al., 2010; Goldey et al., 2014; Roome and Kuhn, 2014; Heo et al., 2016). These window implants allow imaging of awake mice, which is important for investigation of brain function without the confounding effects of anesthesia on the physiology of nervous and cardiovascular systems. Although some of these protocols are highly detailed, they usually employ imaging with one system. Here, we expand on these previous publications and describe a spectrum of surgical methods in mice suited for multiple imaging modalities, used alone or in combination, including 2-P microscopy, laser speckle contrast imaging (LSCI), intrinsic optical signal imaging (IOSI), optical coherence tomography (OCT), and functional US (fUS). These optical windows can last for a span of up to 6 months after surgery and can be made MRI-safe for combined optical imaging or optogenetic (OG) stimulation in awake mice undergoing fMRI.



METHODS

The protocols described below contain surgical procedures as well as pre- and post-operative measures. Common procedures are presented in the main text. Procedures specific for individual imaging modalities are presented in the Supplementary Material. All surgical procedures and imaging protocols were approved by the institutional Animal Care and Use Committee.


Pre-operative Measures

Adequate planning and preparation decrease the time spent during surgery and the risk of infection or inflammation leading to an overall increase in the success rate of surgery.


4 A's: Anesthesia, Analgesia, Antibiotics, and Anti-inflammatories

In our procedures we have used isoflurane for anesthesia, buprenorphine for analgesia, ibuprofen for analgesic, and anti-inflammatory properties, dexamethasone for prevention of inflammation and brain edema (Hedley-Whyte and Hsu, 1986) and cefazolin and trimethioprim-sulfametoxazole as broad-spectrum antibiotics. For details, please see the Supplementary Material.



Sterilization and Preparation of the Surgical Room

The surgery room should be prepared before the start of the surgery. Surfaces should be cleaned with antiseptic solution and clutter should be avoided. There should not be any non-essential personnel traffic into the room. Surgical chair should be comfortable and adjustable. Surgeon should don personal protective equipment including lab coat, surgical mask, and gloves.

All tools and supplies used for surgery, starting from dissection of the skin, need to be sterile. Surgical tools and metal head bars should be autoclaved. If a surgical tool tip touches a non-sterile surface during the surgery, it should be bead sterilized. A metal tool tray should be autoclaved. Batches of paper cleaning wipes (e.g., Kimwipes) and glass pipettes can be autoclaved. Saline can be autoclaved in glass bottles (~10 ml) or purchased in sterile 10-mL batches. Gelatin absorbable hemostatic sponge (e.g., Surgifoam), cotton-tipped applicators, and bone wax are purchased in sterile batches. Thirty minutes before surgery, heating blanket, and hot bead sterilizer are switched on. The surgical microscope is adjusted (height and focus are in the middle of their dynamic range). Surfaces, trays, and handles are cleaned with an antiseptic solution.

Although every surgeon may feel more comfortable with a different set of tools and supplies, we recommend keeping the number of sterile tools as low as possible to avoid accidental contamination. Tools are supplies commonly used in our laboratories are listed in the Supplementary Material.




Intraoperative Measures
 
Induction of Anesthesia

After the mouse has rested for at least 15 min following the transport, it is weighed and the tail is marked with a marker pen for easier identification, when multiple mice are housed in the same cage. Having a calm subject during the induction of anesthesia increases the chances of stable anesthesia. Mouse is lifted from the cage by the proximal tail. The body is immediately rested on a flat surface or the palm or the back of the opposite hand of the researcher since tail suspension is stressful for the mice (Yapıcı-Eser et al., 2018) If the mouse is going to receive inhalation anesthesia, it is slowly placed in an induction chamber that is not pre-filled with anesthetic. Anesthesia is induced with isoflurane at 3% followed by 1–1.5% maintenance. Alternatively, ketamine-xylazine (K/X) injection (i.p.) can be used for induction and can be supplemented with extra doses of ketamine throughout surgery, or isoflurane. K/X has been used as a standard anesthetic for surgical procedures, but the short half life makes it less practical for longer procedures (Jaber et al., 2014). On the other hand, isoflurane anesthesia is reported to increase brain edema (Thal et al., 2012), but in our protocols with the use of preoperative dexamethasone, we have not experienced significant brain edema.



Surgical Procedure

The mouse is placed on the heating blanket and secured in the stereotaxic frame (please see the Supplementary Material). A sterile ointment is applied to the eyes. The application of this ointment can be repeated as often as necessary. Not only does this ointment protects the eyes from keratitis, it also protects against accidental exposure to povidone-iodine solution (P-I) and alcohol. For many behavioral experiments, facial whiskers play an important role for sensing and task performance. The whiskers can be weighed down with some lubricant so that they are not accidentally cut during surgery.

Cefazolin and buprenorphine are injected. Hair is removed with depilatory cream, and the skin is wiped with wet surgical sponges to remove remaining hair. The bare skin is cleaned with a 5% P-I solution (e.g., Betadine) followed by alcohol swabs repeatedly for three times with alternating wipes. P-I solution should be completely rinsed off since it may cause the mouse to itch when dried up. The skin is marked with a semi-permanent marker (e.g., fine tip Sharpie) to define the surgical borders slightly smaller than the intended size, because the skin will stretch after the cut, which makes the incision larger. The skin is cut with a #11 blade and scissors following the markings. Sub-cutaneous tissue is dissected with scissors. The remaining subcutaneous tissue is pushed aside with sterile cotton tip applicators starting from the middle and moving toward the edges until the bone is dry. The periosteum is removed by scratching with a #15 blade. This procedure is repeated until no loose connective tissue is left. A crosshatch pattern is carved on the skull with a blade sparing the exposure and surroundings to improve adherence. The skull is dried completely with pressurized air and covered with cyanoacrylate glue (Loctite 4014). For better control, a drop of glue is placed in the middle of the skull and dragged to the edge of the skin with a sterile wooden applicator (the handle of sterile cotton tipped applicator could be used after sharpening the tip with a sterile blade). It is best to position the skin in place before the application of the glue and drag the glue just until the skin edge to attach it in place.

The exposure is marked using a semi-permanent marker (e.g., fine tip Sharpie). Marking the exposure on dried glue has the advantage as the marking can be cleaned with a sterile cotton tip applicator and alcohol before drawn again for adjustments to the drawing. Head bar is attached with glue (Loctite 401) and dental acrylic. Applying the acrylic before the glue completely dries promotes a chemical reaction between the two yielding a stronger bond (Winkler et al., 2006). The details for the adjustments and attachment of different head bars are described in the Supplementary Material. When the head bar is secured in its place, the bone on the exposure is thinned along the marked craniotomy perimeter using a surgical drill and tungsten carbide burrs with 0.3-0.5 mm diameter. It is important to drill slowly (up to 15,000 rpm) and softly to prevent heating of the bone which would exaggerate inflammatory processes. A standard craniotomy takes about 15–30 min. The drill bit should be regularly dipped in chilled saline to avoid excessive heating. The bone should regularly be chilled with chilled saline prior to removal. The bone dust should be removed by washing the area with sterile saline. The excess liquid could be removed from the area using sterile wipes. Alternatively, a vacuum aspiration system equipped with a sterile blunt tip could be used. In case of bleeding from the bone, sterile sponges in saline and bone wax are utilized. It is recommended to stop drilling until the bleeding is completely under control. The thickness of the bone along the drilled perimeter can be checked by pressing on the bone gently. When the bone is thin enough along the drilled perimeter, the central piece is easily depressed when gently pushed. Prior to removal of the central piece, a drop of saline at 37° C is placed on the exposure. Using a craniotomy forceps, gently check for an edge which can be pierced. Slowly pry the edge and follow around. It is important to proceed slow to avoid bleeding from the dura. When the bone is loose enough, tear the remaining edge and remove the bone. At this point a piece of saline-soaked gel foam may be used to keep the dura moist, promote coagulation, and remove small residues of bone dust, and blood clots.

When all the bleeding is under control, the borosilicate glass or polymer is placed on the exposure replacing the bone. The window is pushed down and inside the craniotomy such that the bottom surface of the window comes in touch with the brain surface. A stereotaxic frame manipulator equipped with a sterile plastic pipette tip or a sterile wooden stick can be used to hold the glass in place. For soft polymer windows, manual handling may be needed. The details for the attachment of specific glass or polymer windows is described in the Supplementary Material. The cover is then sealed with glue, dental acrylic, and a second layer of glue. The whole skull surface and the part of the head bar that is attached to the skull are covered with dental acrylic and a thin layer of glue. 0.1 ml of 5% dextrose is injected subcutaneously for surgeries up to 2 h. If the surgery takes longer than that, this injection is repeated every 2 h.

After the glue and acrylic are completely dry and the animal is marked (e.g., by ear notch), the exposure is covered by a protective cap (please see the following section). The animal is then placed in a clean cage that is positioned on top of a heating blanket set to 37°C and is monitored until it regains motor control before being returned to the vivarium. In case of isoflurane, the mouse should regain some motor control within 10 min and eating/drinking within 1 h after a successful surgery. In case of K/X, the mouse is expected to recover some motor functions after ~30 min following the last supplemental K injection, but the time course of recovery can vary between animals.



Protective Caps

For chronically prepared animals we suggest using a protective cap on top of the exposure. This prevents the possible break in the glass and protects soft exposure covers like polymers.

In the case of glass windows, regardless of the head bar design, casting silicone can be used right before the end of surgery. Casting silicone components are mixed 1:1, and a large drop is applied to cover the glass windows and surrounding acrylic. This polymer helps keep the glass safe and clean and acts as a thermal insulation barrier. The anesthesia is discontinued when the silicone is set (~5 min following application). This silicone can be gently peeled for imaging sessions leaving no residue behind and can be reapplied when the session is over and before the animal is released to the home cage.

When using the polymer covers, we suggest using harder materials to cover the surface. While 3-D printed caps are the most convenient ones to use, custom machined caps can also be used. Cap can be mounted on the head bar using interlocking designs or magnets (not MRI safe). For an exemplary design please see the Supplementary Material.




Post-operative Measures (~ <10days)
 
Monitoring

Monitor the mouse daily for 5 days following surgery assessing general appearance, weight, and pain scale (Langford et al., 2010). TMP-SMX/Ibuprofen is supplied in drinking water during this period. If there are signs of pain, additional buprenorphine injections should be given in 12-h periods for up to 3 days. It is also helpful to give some softened pellets of food immersed in medicated drinking solution or gel food or hydrogel to feed and hydrate the mouse.



Training for Head Fixation

Training sessions can start when the initial monitoring of the animal is completed (post-operative ~7 days). The mouse is handled until calm and trained to sit still in the cradle for up to 1 h with increasing duration (e.g., 15, 30, 45 min, 1 h). On imaging days, once the animal sits in the cradle, it is quickly fixed and left to rest for 5 min before moving the cradle under the microscope. It is rewarded with a treat (e.g., sweetened condensed milk). The cradle is positioned in the imaging setup and reward is offered about every 15 min. If the mouse shows signs of discomfort or anxiety, the session is aborted, and the mouse is released. Forceful movement and struggling can lead to the mouse detaching its head bar.



Imaging Under Light Anesthesia

The mouse can be imaged under light anesthesia (K/X or isoflurane) when no functional data is needed. Eyes should be protected with ointment. The glass window can be wiped with alcohol and, if necessary, it can be gently scraped with a blade. Soft polymer windows should not be treated with alcohol. Instead, sterile saline can be used. This imaging protocol is suitable for morphological imaging where small movements may cause imaging artifacts the researcher wants to avoid.

Over the course of days 1–10 after surgery, exposure may become inflamed and some dural vessels could develop from the sides, but this should resolve, and the exposure should be ready to image around day 10–14 after surgery. High-quality exposures allow imaging of intravascular fluorescent tracer fluorescein isothiocyanate (FITC)-dextran (2 MDa) down to at least 500 μm with 900 nm excitation.




Imaging (~Day 10+)
 
Delivery of Contrast Agents

For imaging protocols that involve i.v. contrast agents, a brief anesthesia is induced with 3% isoflurane in O2 or air. Retro-orbital injection (Yardeni et al., 2011) of contrast agents (e.g., 0.05 ml FITC at 5% in PBS) is performed using a tuberculin syringe 31 G, 0.5″ needle. Care is taken not to scratch the orbital fossa (bone), because this may cause irritation and pain when anesthesia is discontinued. Alternatively, intravenous injections can be given through the tail vein, however, this may result in local inflammation with imperfect application and is not recommended for novice researchers.



Awake Imaging

In cases where an i.v. injection is performed, the mouse is allowed to wake up and recover from anesthesia for 15–60 min. The mouse is handled until it becomes calm. After that, the head bar is fixed in the mouse holder and brought in the imaging setup. Reward is offered in line with the experimental protocol. The imaging session should not last longer than 60–90 min. The mouse should be released and returned to its home cage when the frequency of its movement starts increasing. Movement can be detected via cameras and/or accelerometer (Bergel et al., 2018). The mouse is returned to its cage and the cage to vivarium after the imaging session is over.



Euthanasia

Whenever, the experimental study is completed or if the exposure is no longer imageable, euthanasia is performed in accordance with Institutional Animal Care and Use Committee guidelines.





RESULTS

In this section, we will present example imaging data that were acquired from chronically prepared animals. Details of specific surgical procedures and imaging protocols are described in the Supplementary Material.


Glass Windows Used in 2-Photon Microscopy, IOSI, LSCI, and MRI-Compatible Optical Imaging in Conjunction With OG Stimulation

This preparation is a modification of the design described by Chen et al. (2015). It has been used by our group in several studies including Desjardins et al. (2019). A glass plug constructed from one 5-mm round coverslip and two or three 3-mm round coverslip is used in this surgery (Figures 1A,B). Structural imaging demonstrating the state of the surface vessels 1 and 28 days after the surgery is obtained after i.v. (retroorbital) injection of FITC-dextran (Figure 1C). The quality of the window can be further appreciated in a 3D vascular stack that was obtained after injecting Alexa 680-dextran (Figure 1D). Functional data were obtained with 2-photon imaging of vasodilation in response to sensory stimuli applied to the whiskers as well as OG stimuli stimulation in animals expressing VGAT-ChR2 (Figure 1E). The same animals can be used for measurements of oxygenated hemoglobin (HbO), reduced hemoglobin (HbR), and total hemoglobin (HbT) concentrations using IOSI and cortical blood flow using LSCI in response to sensory and OG stimuli (Figure 1F). Finally, the same animals can be used for optical imaging and OG stimulation performed simultaneously with fMRI when headposts are made from polyether ether ketone (PEEK) plastic (Figure 1G). For details, please see the Supplementary Material and Desjardins et al. (2019).
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FIGURE 1. (A) Schematics of the borosilicate glass window implant. (B) Schematic illustration of the window implant over the whisker representation within the primary somatosensory cortex (SI) and the headpost fixed to the skull overlaying the other (contralateral) hemisphere. (C) Images of the brain vasculature through the glass window implant obtained by 2-photon imaging of fluorescein isothiocyanate (FITC)-labeled dextran injected intravenously. The images illustrate preserved integrity of the vasculature between days 1 (left) and 28 (right) following surgical implantation. (D) Two-photon image stack obtained with Alexa 680 labeled dextran injected intravenously illustrating the capability of deep imaging. The resolution for presented images was ~1 μm/pixel. (E) Top: Image of the surface vasculature calculated as a maximum intensity projection (MIP) of an image stack 0–300 μm in depth using a 4 × objective. Individual images were acquired every 10 μm (top, left). A zoomed-in view of the region within the red square acquired with a 20× objective (top, middle, left). A plane 250 μm below the surface corresponding to the region outlined in blue (top, middle, right). The yellow circle indicates a small diving arteriole. An example temporal diameter change profile acquired from the arteriole outlined by the yellow circle imaged 250 μm below the surface (top, right). The vessel diameter was captured by repeated line-scans across the vessel. These line-scans form a space-time image when stacked sequentially, from left to right. White arrowheads indicate the onset of stimulus trials (air puffs to the whisker pad); four trials are shown. Graphs: Single-vessel dilation time-courses extracted from data. Time-courses for individual trials are overlaid for sensory stimuli (left, n = 160 trials) and OG stimuli (right, n = 19 trials); the thick lines show the average. The stimulus onset is indicated by the black arrowhead and the blue vertical line for the sensory and OG panels, respectively. (F) Concurrent IOSI and LSCI in the same subject. A CCD reflectance image of the surface vasculature (left). The corresponding LS contrast image (middle, left). Ratio images of HbO (extracted from the OIS data, see Methods) and LS contrast showing the region of activation following OG stimulation (middle, right, and right). The location of optical fiber is indicated on all images (black dotted line). The same arteriole is outlined by yellow circles. The black parallelogram indicates the region of interest (ROI) used for extraction of time-courses. The resolution for presented images was 5.5 μm/pixel. Graphs: Time-courses of HbO and HbR (shown in red and blue, respectively), and LS contrast (shown in black) in response to sensory and OG stimulation. These time-courses were extracted from the polygonal ROI shown in top images. (G) Corrected GE EPI image (left, top) and a corresponding structural image (TurboRARE, left, bottom). The resolution for EPI and TurboRARE is 200 μm/pixel 100 × 50 and ~75 μm/pixel, slice thickness = 1 mm. Red arrows point to the peripheral edges of the implant, i.e., the glass/bone boundary. The red line indicates the bottom of the glass implant, i.e., the glass/brain boundary. The BOLD signal in response to sensory stimuli in a fully awake mouse (top, middle). Spatiotemporal evolution of the BOLD signal change from a single slice cutting through the center of the evoked response, presented as trial-averaged ratio maps, in response to a 20-s train of 100-ms light pulses delivered at 1 Hz (“blocked” OG stimulus) in a single Emx1-Cre/Ai32 subject. EPI images were thresholded to reflect the sensitivity of the surface RF coil (for display purposes only). The ratio images are overlaid on the structural (TurboRARE) image of the same slice. BOLD response time-courses extracted from the active ROI (top, right). Fifty seven stimulus trials are superimposed. The average is overlaid in thick black. The BOLD signal in response to OG stimuli in a fully awake mouse (bottom, middle). Spatiotemporal evolution of the BOLD signal change from a single slice cutting through the center of the evoked response, presented as trial-averaged ratio maps, in response to a 20-s train of 100-ms light pulses delivered at 1 Hz (“blocked” OG stimulus) in a single Emx1-Cre/Ai32 subject. EPI images were thresholded to reflect the sensitivity of the surface RF coil (for display purposes only). The ratio images are overlaid on the structural (TurboRARE) image of the same slice. BOLD response time-courses extracted from the active ROI (bottom, right). Twenty eight stimulus trials are superimposed. The average is overlaid in thick black. Modified from Desjardins et al. (2019).


We have also modified these glass windows with polymer sealed ports for injection of drugs or various fluorophores (Roome and Kuhn, 2014). These ports also allowed insertion of thin electrodes or optical fibers. Please see the Supplementary Material for details.



Half Crystal Skull Covered Craniotomy Used in 2-Photon Microscopy, IOSI, LSCI, and OCT Imaging to Evaluate the Effects of Stroke Caused by Photothrombosis

This preparation is a modification of the design described in Kim et al. (2016) where they have created a curved glass replacement to dorsal cranium and termed it the “Crystal Skull.” We have modified this protocol using half of this commercially available curved glass (labmaker.org) to prevent the disruption of blood flow in sagittal sinus while extending the coverage to visualize the distal branching points of MCA and the entirety of barrel cortex which are more laterally positioned than the original design of Crystal Skull placement. We have used our version of preparation in several studies including Sunil et al. (2020). In cases where a large cortical area is desired to be imaged, surgery using crystal skull glass can be performed (Kim et al., 2016). However, due to high risk of bleeding or thrombosis, researchers may wish to avoid preparations involving the sagittal sinus. We have successfully implemented a modified procedure that allows us to image one hemisphere, which is sufficient for our application (Figure 2A). This preparation prevents drilling over the sagittal sinus, and small displacement of the glass in the lateral direction allows covering the hemisphere up to the lateral ridge, which cannot be achieved with the original method. Here we present results from experiments involving IOSI (Figure 2B), LSCI (Figures 2C,E), OCT (Figure 2D), and 2-photon microscopy (Figure 2F). We leveraged these large windows in studies of recovery from experimentally induced photothrombotic stroke in chronic, awake animals. The half crystal skull window allowed us to longitudinally image the stroke area after distal middle cerebral artery (Figures 2B–D,F, circles) and collateral occlusion (Figure 2E, arrow). Both the stroked and surrounding healthy tissue (Figure 2F) was accessible in the same animal for a month after the stroke was induced, allowing for long-term assessment of the pathology. For details, please see the Supplementary Material and Sunil et al. (2020).


[image: Figure 2]
FIGURE 2. (A) Representative image of cranial window immediately after surgery. In this preparation, animal was implanted with a one-point secured flat head bar and half Crystal Skull glass (please see Supplementary Material for details). (B) Intrinsic optical signal imaging of change in total hemoglobin concentration during air puff stimulation of the contralateral forelimb. Black circle indicates the vessel targeted for photothrombotic occlusion. The resolution for presented images was 5.5 μm/pixel. (C) Relative CBF detected by LSCI at 1 h after photothrombosis. The resolution for presented images was 5.5 μm/pixel. (D) OCT angiograms of flowing vessel before stroke (top) and 1-h after photothrombotic stroke (bottom). Transverse and axial resolutions of the OCT system using a 10× objective (Mitutoyo) were 3.5 and 3.5 μm. (E) Representative images showing collateral occlusion (circled in black). Top panel shows laser speckle contrast images as visualized in real time. Bottom panel shows relative blood flow changes associated with the occlusion. (F) Two-photon maximum intensity projections (left) and volumes (right) of 400 μm stack 5 days before photothrombosis (top) and 4 weeks after photothrombosis. Red circle indicates vessel targeted for photothrombosis. Red square indicates regions chosen for volume projections. The resolution for presented images was ~1.5 μm/pixel. Modified from Sunil et al. (2020).




Soft Polymer Window Used in 2-Photon Microscopy, IOSI, LSCI, OCT, and fUS Imaging

This preparation is a modification of the “soft window” design described in Boido et al. (2019). We used this preparation in several studies including Kılıç et al. (2020) and Tang et al. (2020). Although glass craniotomies are preferred because of the durability, glass has properties incompatible with US imaging. Here, we show typical results from animals prepared with a polymethypentene (PMP) polymer soft window (Figure 3A). This type of window is compatible with 2-P microscopy (Figure 3B), LSCI and IOSI (Figure 3C), OCT (Figure 3D), ultrasound localization microscopy (ULM, Figure 3E), and fUSG (Figure 3F). In contrast with the soft windows made from PDMS (Heo et al., 2016), PMP windows are less permeable to air and have no air bubbles formed on the cortical surface which makes them more suitable for US imaging since the air bubbles will lead to loss of signal. Although these windows are very stable, compared to glass counterparts, the optical imaging quality may degrade faster over time. For example, 2-P microscopy imaging at 800 nm with FITC-dextran in a glass preparation, can acquire good images down to 500–600 μm in cortex with quality comparable in first and the sixth month. However, with PMP windows, while penetration in the first month with the same imaging modality is comparable, we have experienced that we could only image 300–400 μm deep after 6 months and 150–200 μm after 1 year (data not shown). For details, please see the Supplementary Material and Kılıç et al. (2020) and Tang et al. (2020).


[image: Figure 3]
FIGURE 3. (A) Representative images of US compatible craniotomy (top) and the position of an awake mouse for training and imaging. In this preparation, animal was implanted with a two-point secured machined head bar and a PMP strip (please see Supplementary Material for details). (B) 2-P vascular stack taken with i.v. FITC injection. The resolution for presented images was ~1.5 μm/pixel. (C) LSCI (top) and IOSI (bottom) of both hemispheres during whisker stimulation. The resolution for presented images was 5.5 μm/pixel. (D) Full field OCT angiography. Transverse and axial resolutions of the OCT system using a 5× objective (Mitutoyo) were 7 and 3.5 μm. (E) ULM images acquired by US. The resolution for presented images was ~10 μm/pixel. (F) Experimental paradigm for fUS imaging (top). Trial average of fUS images acquired during whisker stimuli (middle). The resolution for presented images was ~100 μm/pixel. Time series of average velocity values calculated for marked vessels (middle) during whisker stimuli. Note that contralateral cortical and subcortical activation is visible while ipsilateral cortex is not activated. Modified from Tang et al. (2020).





DISCUSSION

The surgical procedures described in this manuscript and the Supplementary Material are easy to follow for an experienced surgeon. For novice surgeons, we recommend starting surgical training using healthy, wild type, young adult mice (8–12 weeks). For the first training sessions, avoiding the sutures between skull bones will increase the success rate. During training, a surgeon also gets accustomed to a varying bone thickness across the dorsal surface of the mouse skull. After the goals of this training are achieved, craniotomies crossing the midline may be attempted. Here, the main challenge is to meticulously remove the bone without damaging the underlying sagittal sinus. Even for experienced surgeons, using two half crystal skull windows instead of making a single bilateral exposure may be preferable. This is because exposing the midline entails high risk of bleeding and thrombosis of the sagittal sinus.

The window quality depends not only on the optimization of the craniotomy procedure but also on the proficiency in sealing the window. This step may take some time to master. Once all the procedures are mastered, a mouse with a chronic window implant can be imaged routinely up to 6 months with good outcome, although instances where imaging was performed for up-to 1.5 years after surgery have been reported (Füger et al., 2017).

Researchers should keep in mind that inflammation peaks around the third day post-operatively and usually takes a few weeks to resolve. While the inflammatory processes are ongoing, the tissue will remain opaque and not suitable for optical imaging. Therefore, imaging should start around 3 weeks after the surgery, although training sessions can start earlier but not within the first week after the surgery. In our experience, the best efficiency is achieved when the mouse is given 1 week to recover before starting the training and at least 4 training sessions in the upcoming 10–14 days before starting the imaging. The exact schedule may vary slightly depending on the subject.

Lastly, performing a craniotomy can be more invasive compared to the thinned skull preparations (Shih et al., 2012); but may give more flexibility with different imaging modalities. Removing the skull completely eliminates a problem of inconsistent thickness of the thinned skull preparations, provides less scattering and therefore deeper optical penetration. Also, most thinned skull preparations (Drew et al., 2010; Shih et al., 2012) require the used of reinforcement which makes them not suitable or less desirable for some imaging methods like fUS or for optical imaging performed simultaneously with MRI.

Although truly simultaneous application with all of the imaging/stimulation techniques mentioned here is not feasible, one mouse can rotate between imaging instruments, sometimes on the same day, provided that it is given enough time to rest in between imaging sessions in the home cage. Some of the abovementioned imaging modalities can be readily combined in a multimodal setup that allow simultaneous use of the systems. Examples include (1) LSCI, IOSI and photothrombosis (Kazmi et al., 2013; Sunil et al., 2020) (2) 2-P microscopy and optogenetic stimulation (Bovetti et al., 2017; Yang et al., 2018), and (3) MRI and optical imaging and/or optogenetic stimulation (Lin et al., 2016; Schlegel et al., 2018; Chen et al., 2019).



CONCLUSION

Even though it was introduced around 60 years ago, the 3R (Replacement, Reduction, Refinement) principle is exceedingly relevant and important to the current in vivo data acquisition protocols (De Angelis et al., 2019). These principles serve as gatekeepers on the way of improving both the quality of life of the animals used, as well as the quality of the data collected. The surgical procedures described here are designed to maximize the spectrum of imaging techniques that can be applied on the same subject. They are also modified to decrease the complications after surgery, morbidity, and mortality therefore decreasing the number of the experimental subjects.

We hope these detailed protocols will be helpful for increasing the rigor and repeatability in imaging studies and decreasing the number of animals utilized by these studies.
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Preeclampsia is a common hypertensive disorder in pregnant women and whose causes and consequences have focused primarily on cardiovascular outcomes on the mother and offspring, often without taking into consideration the possible effects on the brain. One possible cause of preeclampsia has been attributed to alterations in the renin-angiotensin system, which has also been linked to cognitive decline. In this pilot study, we use a transgenic mouse model that chronically overexpresses human angiotensinogen and renin (R+A+ mice) that displayed characteristics of preeclampsia such as proteinuria during gestation. Offspring of these mothers as well as from control mothers were also examined. We were primarily interested in detecting whether cognitive deficits were present in the mothers and offspring in the long term and used a spatial learning and memory task as well as an object recognition task at three timepoints: 3, 8, and 12 months post-partum or post-natal, while measuring blood pressure and performing urine analysis after each timepoint. While we did not find significant deficits in preeclamptic mothers at the later timepoints, we did observe negative consequences in the pups of R+A+ mice that coincided with hemodynamic alterations whereby pups had higher whisker-evoked oxygenated hemoglobin levels and increased cerebral blood flow responses compared to control pups. Our study provides validation of this preeclampsia mouse model for future studies to decipher the underlying mechanisms of long-term cognitive deficits found in offspring.
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INTRODUCTION

Preeclampsia is a common hypertensive disorder in pregnant women, with a worldwide incidence rate of just under 3% but varying between 2.7 and 8.2% depending on the region studied (Kongwattanakul et al., 2018) and this incidence rate continues to grow (Fox et al., 2019). Considering these statistics, and despite the connection between hypertension and cognitive impairment and dementia (Obisesan, 2009; Walker et al., 2017; Wright and Harding, 2019), little is known about the long-term neurological consequences of preeclampsia on both mothers and even less so in children. What is well known in the preeclampsia field is the increased risk of cardiovascular incidents in mothers, including increased risk of long-term hypertension and stroke, and increased mortality due to major cardiovascular events, as well as early onset hypertension, increased risk of ischemic heart disease and strokes in children (Bokslag et al., 2016; Goffin et al., 2018). The focus of studies evaluating the risks associated with preeclampsia has thus been on cardiovascular health, often disregarding the relationship between cardiovascular disease and late-life dementia (Justin et al., 2013). Cognitive effects of preeclampsia on mothers revealed only subjective memory complaints in the short term with no significant long-term consequences after adjusting for other relevant risk actors, while developmental and behavioral consequences in offspring are evident, but not often studied beyond the age of 12 years old, again focusing mostly on short-term effects (Figueiro-Filho et al., 2017; Dayan et al., 2018; Elharram et al., 2018).

In part due to a lack of understanding underlying the etiology of preeclampsia and its multifactorial nature, different animal models have been used to mimic different aspects of this condition. These models recapitulate alterations in angiogenesis, immune responses, disrupted oxygen metabolism, and abnormal trophoblast invasion seen in humans (Pennington et al., 2012; Marshall et al., 2018). Of interest, the renin-angiotensin system (RAS) has been implicated in the development of preeclampsia (Shah, 2005) and alterations in the RAS have been linked to cognitive decline and dementia (Wright and Harding, 2019). Here, we used transgenic female mice overexpressing human angiotensinogen and renin (R+A+ females) that are chronically hypertensive. This is a realistic disease model of preeclampsia superimposed on chronic hypertension, not only because chronic hypertension represents a major risk factor for developing preeclampsia during pregnancy, but because these mice mimic several aspects of preeclampsia, including aggravated hypertension during pregnancy, glomerular endotheliosis, proteinuria, placental necrosis, lower pup weights, impaired angiogenesis of uteroplacental vessels, and increased circulating anti-angiogenic factors (Falcao et al., 2009; Marshall et al., 2018). This pilot study aimed to assess whether preeclampsia incurs any behavioral consequences in the long term in R+A+ mothers, and whether this is also imparted on their offspring. Our study corroborates findings from human studies and reveals the presence of cognitive impairment later in life in offspring born from preeclamptic mothers, thus providing further validation of this mouse model for future studies to decipher the underlying mechanisms of these cognitive deficits in mothers and offspring.



MATERIALS AND METHODS


Study Design

Mice were produced by breeding transgenic male mice heterozygous for human renin (Ren9 line) with female mice heterozygous for overexpressing human angiotensinogen (204/1 line) (Falcao et al., 2009). An equal number (n = 15/group, 4 months of age) of control females (a mixture of R–A–, R– A+, and R+A– genotypes) and transgenic females with the R+A+ genotype, predisposed to become preeclamptic during pregnancy, entered the study. Baseline blood pressure (BP) was measured, and urine samples collected to assess proteinuria prior to mating. All females were then paired with a wild type (C57BL/6 background) male for breeding, and a female was deemed pregnant by the presence of a vaginal plug and later confirmed by weight gain. After 2 months of mating 13/15 control females became pregnant (average litter size of 5.69 ± 0.47), while only 8/15 R+A+ were pregnant (average litter size of 6.38 ± 0.65). Fifteen and eighteen days following the initial plug, a urine sample was collected, and BP was measured; this was also performed 5 days after giving birth, at which point pups were weighed. Urine samples and BP were taken in mothers 3, 6, and 12 months postpartum (PP). Cognitive testing on mothers was performed at 9, 14, and 18 months of age (or 3, 8, and 12 months PP) alongside a subset of their offspring (3, 8, and 12 months of age, equally distributed males and females). Likely due to R+A+ females being chronically hypertensive, we found a higher death rate over time in this group, leaving us with n = 5 at study endpoint (12 months PP). Due to differences in cognitive function in offspring at 12 months of age and sufficient group sizes, we used optical imaging of intrinsic signals (n = 6/group) to asses cerebral hemodynamic function. Experiments were approved by the Animal Ethics Committee of the Montreal Neurological Institute (McGill University, Montréal, Québec, Canada) and complied with the Canadian Council on Animal Care.



Assessing Preeclampsia Traits in Mouse Model


Proteinuria

Urine samples (∼100 μL) were collected in 1.5 mL centrifuge tubes from mothers prior to being impregnated (baseline), and then after 15 days of gestation (day 1 defined by the presence of a plug), 18 days of gestation, 5 days PP and before the first behavioral test, 3 and 8 months PP. Samples were kept at −80°C, and then thawed and diluted 1:10 before measurements were made in duplicate. Proteinuria was determined as the ratio of albumin:creatinine using Albuwell and Creatinine companion mouse ELISA kits (Exocell, Philadelphia, PA) according to manufacturer’s protocol.



Blood Pressure (BP)

Blood pressure was measured (n = 10 mice/group) after each behavioral timepoint in mothers, and at 6 months of age in a subset of offspring using non-invasive tail-cuff plethysmography (Kent Scientific Company). Mice were habituated to the restraining device and tail cuffs for 10 min/d for 3 days before measurements were recorded. Ten additional acclimation cycles were performed before acquiring five measurements of systolic, diastolic, and mean blood pressure. This was performed 1 week prior to each behavioral testing session.



Pup Weight

Five days after birth, pups were individually weighed on a scale tarred with a small piece of nesting material and immediately returned to their mother’s nest. The average weight of the pups from individual mothers was calculated, and then compared based on mother’s genotype.



Morris Water Maze (MWM)

Spatial cognitive function was evaluated in the MWM (Deipolyi et al., 2008) at 2 time points in mothers and offspring. A pool (1.4 m diameter) was filled with water (18 ± 1°C) made opaque with inert white Tempera paint. Three initial visible platform training days were performed: On each day, the mice were given three trials of 60 s separated by approximately 45 min to find the platform (15 cm diameter). Before the 5-days learning phase of the task began, the visual cues in the room were changed, as was the location of the platform, which was completely submerged (1 cm below the surface of the water). Mice were given three trials of 90 s to find the hidden platform. On the final day (day 9 for first timepoint), a probe trial was conducted to assess spatial memory. The platform was removed from the pool and the mice were given 60 s of free swim in which the time they spent swimming and the distance they swam in the quadrant that contained the platform was recorded as well as the number of times they would have landed on the platform if it were present. All data was recorded using the 2020 Plus tracking system and Water 2020 software (Ganz FC62D video camera; HVS Image, Buckingham, United Kingdom). When the MWM was conducted at the second time point (8 months postpartum or 8 months of age for the pups), the only differences in the test were that the mice were only provided with one training day to locate the platform before it was hidden (the probe trial being performed on day 7), and the locations of the spatial cues and platform were changed. Due to the sample size of R+A+ mothers decreasing to n = 5 at 12 months PP, along with no cognitive deficits observed at 8 months PP, no MWM was conducted at this last timepoint.



Novel Object Recognition (NOR)

Following the MWM, mothers and offspring were habituated (10 min) to the NOR testing arena (45 cm wide × 45 cm long × 50 cm high). The following day, mice underwent both the familiarization and test phases. During familiarization, each mouse was given 5 min to explore 2 identical objects placed in opposite corners of the arena, equidistant from the center. Two hours after familiarization, one of the objects was replaced with a novel object and another 5 min exploration period was allotted. Both the location of the novel object and the objects were counterbalanced. Behavior was recorded using iSpy software and ODLog to record the amount of time spent exploring each object. An investigation ratio was calculated by dividing the time spent with the novel object by the total time investigating both objects during the test phase. This test was conducted at 3 separate time points using different pairs of objects at each time.



Imaging of Optical Intrinsic Signals (OIS)

A subset of pups (n = 6/group, 12 months) were implanted with a cranial window made of a cover glass glued on a thinned bone preparation over the left barrel cortex and allowed 2 weeks to recover before imaging. Mice were anesthetized (ketamine 85 mg/kg/xylazine 3 mg/kg, i.m.) and fixed with ear bars on a physiological platform (Harvard Apparatus #75–1,500, Saint-Laurent, QC, Canada) with online recording of body temperature, heart rate and respiratory rate. The platform was then moved to the imaging system (OIS200 from LabeoTech, Montréal, QC, Canada); the mouse cranial window placed parallel to the camera. Whisker-evoked changes in total, oxy- and deoxyhemoglobin (HbT, HbO, and HbR, respectively) were measured with three light emitting diodes (LEDs, 525, 590, and 625 nm) placed 8 cm from the cranial window. Whisker-evoked changes in cerebral blood flow (CBF) were measured with laser speckle contrast imaging using a 780 nm laser diode. Images were acquired at a frame rate of 30 Hz in total (7.5 Hz for each wavelength), with a 14 ms exposure time. Each recording consisted of 7 blocks of right whisker stimulation (8 Hz, 10 s followed by a rest period of 40 s using a piezo actuator). We included a jitter of 3 s to avoid habituation to the stimulation timing for the mice. Data were lowpass filtered at 0.3 Hz to suppress high frequency noise (mouse respiration) and analyzed using MATLAB to obtain whisker-evoked changes in cerebral blood volume and CBF from baseline. Analysis was as described in Dubeau et al. (2011). Briefly, reflectance signals were converted to changes in absorption ΔA = log(R/R0), and a pseudo-inverse and the modified Beer–Lambert law were used to extract relative changes in HbR and HbO. CBF was computed by quantifying the spatial contrast during laser illumination, defined as the ratio of the standard deviation to the mean intensity in a given spatial area. For each animal, the spatial location of the response in the contralateral barrel cortex was first identified. A region of interest around the maximum response was manually delineated avoiding medium, large arteries, and veins, and the signal averaged over all pixels to recover an impulse response function for each component: HbO, HbR, and CBF.



Statistical Analysis

All behavioral and imaging experiments were performed blind to the identity of the mice. Independent samples t-tests were conducted using GraphPad Prism 7, a p = 0.05 was considered statistically significant.



RESULTS


Model Characterization of Mothers

Due to chronic overexpression of human angiotensinogen and renin, the mouse model used in this study of preeclampsia superimposed on chronic hypertension, is not only hypertensive during gestation, with a slight increase in BP from D15 to D18, but is chronically hypertensive as shown by elevated mean BP prior to pregnancy (baseline) and continued elevated BP levels when measured PP (Figure 1A). The majority of offspring (19/23) were negative for human renin and/or angiotensinogen, however 4 pups had the R+A+ genotype and were hypertensive when measured at 6 months of age (mean BP of 160.36 mmHg ± 3.2 compared to control pups 124.30 mmHg ± 3.49). These hypertensive pups were examined with caution following all measures, but they did not significantly differ from normotensive pups birthed by the same R+A+ mothers. A cardinal feature of preeclampsia is the presence of proteinuria during pregnancy, assessed here by the ratio of albumin to creatine (Figure 1B), which not only showed increases during gestation (D15 p < 0.01, and D18 p < 0.001) but also PP, spiking sharply at 5 days PP (p < 0.001) and remaining elevated at 3 months PP (p < 0.01), and even more so at 8 months PP (p < 0.001), prolonged or persistent proteinuria has been found as long as 2 years after delivery in preeclamptic women (Berks et al., 2009; Unverdi et al., 2013). Another indication of preeclampsia is a lower birth weight of the offspring, measured here 5 days PP, that revealed pups from preeclamptic mothers weighing significantly less (p < 0.01) than those from control mothers (Figure 1C).
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FIGURE 1. Preeclampsia model characteristics. (A) Mean arterial blood pressure shown at different timepoints for the mothers throughout the study beginning at baseline prior to mating, two times during pregnancy and three postpartum (PP) timepoints, revealing that this model is chronically hypertensive. (B) Urinalysis quantification over the same timepoints in mothers revealing an increased albumin:creatine ratio in R+A+ mothers during pregnancy that persisted up to 8 months PP. (C) The average pup weight 5 days PP from individual mothers was averaged and shown here indicating R+A+ birthed smaller pups than control mothers. N = 10–13 for control mothers and n = 5–8 for preeclamptic (R+A+) mothers, **p < 0.01 and ***p < 0.001.




Behavioral Consequences on Mothers and Offspring

When tested on the MWM for spatial learning and memory, a primarily hippocampal-dependent task, preeclamptic mothers did not differ from control mothers on the visible platform training days (days 1–3) 3 months PP, indicating that they were capable of performing the task. However, when the platform was hidden, preeclamptic mothers took significantly more time to locate the platform on days 4–6 (Figure 2A) before learning the location to the same capacity as the control mothers on days 7 and 8, where there is no difference in escape latency. On day 9 when assessed for spatial memory, there were no differences between groups on any parameter measured (Figure 2A). Interestingly, the differences observed in spatial learning did not persist at 8 months PP in the mothers, and no difference in spatial memory was observed (Figure 2B). When comparing the pups of these mothers on the same MWM task at both 3 and 8 months of age, no differences were observed in spatial learning nor in spatial memory (Figures 2C,D). When testing for object recognition memory at 3 months PP in the dams and 3 months of age for the pups (Figure 3A), only preeclamptic mothers showed a deficit (p < 0.05). Despite a trend (p = 0.09) this deficit was no longer present at 8 months PP (Figure 3B) nor at 12 months PP in mothers (Figure 3C). However the pups from preeclamptic mothers presented a different tendency such that they began to display a significant deficit on this object memory task (investigation ratio of 0.42 ± 0.06 compared to 0.59 ± 0.05 in controls, p < 0.05) at 8 months, and not only did this deficit persist but also worsened when tested at 12 months of age (investigation ratio of 0.37 ± 0.06 compared to 0.69 ± 0.05 in controls, p < 0.001).
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FIGURE 2. Spatial learning and memory testing in mothers and offspring. (A) Spatial learning portion of MWM in mothers 3 months PP showing deficits in preeclamptic mothers (R+A+, n = 7) early during the learning phase but without any spatial memory deficits measured during the probe trial compared to control mothers (n = 12). (C) Regardless of the genotype of their birth mother, 3-months old pups (n = 18–26/group) showed no differences in spatial learning nor memory. (B) At 8 months PP another MWM was conducted, revealing no spatial learning and memory deficits in the mothers nor in the pups (D). Sample size at 8 months PP, control mothers n = 10, R+A+ mothers n = 6. Due to no observed sex differences in pups at 3 months of age, group sizes were reduced at random when tested at 8 months to n = 11/group. *p < 0.05, **p < 0.01, and ***p < 0.001.
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FIGURE 3. Novel object recognition memory testing in mothers and offspring. (A) NOR investigation ratios for mothers 3 months PP (R+A+ n = 7, controls n = 12) and pups at 3 months of age (n = 18–26/group) revealing a deficit in preeclamptic mothers. While no deficits were observed in mothers at 8 (B) nor 12 months PP (C), pups born from preeclamptic mothers had impaired performance at these two age points (B,C). Samples sizes at 8 and 12 months: control mothers n = 10, R+A+ mothers n = 5–6, pups n = 11/group. *p < 0.05 ***p < 0.001.




Hemodynamic Alterations in Offspring

Due to the presence of a cognitive deficit in the pups at the 12-months endpoint, offspring were examined for possible hemodynamic alterations that could be contributing to worse cognitive performance. Surprisingly, we found there was a larger whisker-evoked CBF response in the contralateral barrel cortex (11.22% ± 0.49 increase from baseline) in pups from preeclamptic mothers compared to that elicited in the offspring of control mothers (6.93% ± 0.89, Figure 4A) and quantified in Figure 4C. In line with this finding, whisker stimulation elicited an enhanced response in total hemoglobin (HbT) during the stimulation period [t(10) = 4.51, p < 0.01] in the offspring of preeclamptic mothers, largely driven by an increase in oxygenated Hb (HbO) by nearly twofold: HbO during whisker-stimulation of pups from preeclamptic mothers being 4.16 mM ± 0.17, and 2.50 mM ± 0.30 from control pups t(10) = 4.22, p < 0.01. No differences in deoxygenated Hb (HbR) were observed between groups. These findings are consistent with whisker-evoked increases in CBF driving the surge in HbO, corresponding to fresh supply of arterial blood, with HbR, typically in veins, being washed out of the activated region, as illustrated by the decreased HbR (Figure 4B for raw images and Figure 4D for traces and quantification) (Ma et al., 2016).
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FIGURE 4. Evaluation of hemodynamic alterations in offspring at 12 months of age. (A) Functional laser speckle contrast imaging maps representative of cerebral blood flow (CBF) changes in the barrel cortex in response to whisker stimulation. (B) Functional imaging maps of oxygenated (HbO), deoxygenated (HbR) and total hemoglobin (HbT) levels from 4 s prior to stimulus to 2 s after a 10 s whisker stimulation (4 Hz) in offspring of preeclamptic (red bars) and control mothers (orange bars). (C) Quantification of laser Speckle contrast imaging showing an increased evoked CBF response in pups from preeclamptic mothers. (D) Average traces and quantification of peak concentrations (mM) of HbO (red line), HbR (blue line), and HbT (black line) from offspring revealing a significant increase in HbO and HbT levels in pups from preeclamptic mothers. N = 6/group **p < 0.01 and ***p < 0.001.




DISCUSSION

In this pilot study, we investigated the long-term cognitive consequences in both preeclamptic transgenic R+A+ mothers and their offspring, and found evidence that supports the notion that mothers experience short-term deficits, while offspring showed longer lasting impairments on an object recognition task as far as 12-months of age. Moreover, we provide new evidence for alterations in cerebrovascular function in offspring at a time when they display cognitive deficits.

One link worth further exploring between altered cerebrovascular and behavioral function in offspring of preeclamptic mothers stems from the fact that levels of placental growth factor (PGF) were markedly low during a preeclamptic pregnancy. One group has used PGF knockout mice as a preclinical model for offspring of preeclamptic mothers and found working memory deficits along with increased vascular density and length at the capillary level, without any changes in cerebral blood volume (Kay et al., 2018). Furthermore, when challenged with a common carotid artery ligation, CBF was lower in the PGF knockout mice, as measured by laser Doppler flowmetry (Luna et al., 2016). Other factors implicated in preeclamptic pregnancies include a hypoxic fetal environment, increased exposure to cortisol, altered production of angiogenic factors, and increased production of pro-inflammatory cytokines, all of which could impact the development of the cerebrovascular system (Kay et al., 2019; Maher et al., 2019). Furthermore, epigenetic alterations have been described in the preeclamptic placenta, mostly in the context of disease development and associated to the environmental changes listed above. Hence, the possibility that abnormal DNA methylation during preeclamptic placental development is involved in long-term cognitive consequences merits further investigation (Apicella et al., 2019; Kamrani et al., 2019). While we acknowledge that there could be many factors at play that caused the offspring of preeclamptic mothers to show cognitive deficits, we explored the possibility that a consequence of these in utero alterations could be associated with altered cerebral hemodynamics, which have been found to underlay cognitive impairment in different contexts related to cardiovascular disease and dementia.

The regulation of CBF is altered by pregnancy, and even further by hypertension; both hypo- and hyperperfusion have been observed in preeclamptic mothers (Jones-Muhammad and Warrington, 2019), and this seems to be related to the severity of the condition, whereby more severe preeclampsia resulted in hyperperfusion measured in the middle cerebral artery by transcranial laser Doppler prior to delivery (Belfort et al., 1999; van Veen et al., 2015). Although we did not measure baseline perfusion, we found elevated whisker-evoked CBF responses and cerebral blood volume characterized by enhanced evoked relative oxygenated hemoglobin levels in 12 month-old offspring of R+A+ preeclamptic mothers. Interestingly, while we found an enhanced hyperemic response, hyperperfusion has been observed in preeclamptic patients and has been linked to decreased vascular resistance, which can further lead to disruptions of the blood brain barrier and negative neurological outcomes (Hammer and Cipolla, 2015). While the resistance in an individual capillary is quite high, when there is a dense capillary bed with several small vessels running parallel to one another, vascular resistance drops (Mandeville and Rosen, 2002). It is therefore possible that if the offspring in our study also experienced altered angiogenesis as seen in the PGF model (Kay et al., 2018), then global cerebral vascular resistance could be decreased, thus providing an explanation for the observed increased perfusion in response to whisker stimulation compared to control offspring. In a hypertensive environment, cerebral vessels are remodeled to protect against sudden spikes in blood pressure, however this could impair their general function at lower blood pressures (Jones-Muhammad and Warrington, 2019). Due to the offspring developing in a hypertensive environment and thus exposed to circulating factors that cross the placental barrier, despite the majority not being hypertensive themselves, this could also help to explain the elevated hemodynamic responses.

There exists a tight communication between neural cells and blood vessels termed neurovascular coupling, and here we observe an altered hemodynamic response whereby too much blood is being sent to the activated somatosensory cortex. We found that oxygenated hemoglobin levels were elevated in response to the same sensory stimulus in offspring of preeclamptic mothers. Capillaries are comprised mainly of endothelial cells, which play an important role in neurovascular coupling (Chen et al., 2014), and are the site of oxygen exchange, making it tempting to suggest that this is the primary site of dysfunction in the offspring, whereby either too much oxygen is being extracted into the parenchyma or that blood flow is too fast, and thus preventing oxygen extraction, leading to high levels in the blood. Either way, there is a clear lack of control over CBF that resulted in an elevated, unfocused/diffuse response in the parenchyma, and such hyperperfusion has been proposed as a compensatory mechanism in asymptomatic individuals at risk for late life dementia (Ostergaard et al., 2013).

In this pilot study we used the pups from an established model of preeclampsia and validated their use for future studies as a realistic model of offspring of preeclamptic mothers in terms of their cognitive outcome. Our findings are in line with cognition being altered in preeclamptic mothers in the short-term without any lasting deficits (Dayan et al., 2018; Elharram et al., 2018). They also draw attention to the necessity for more research focusing on children born under preeclamptic conditions to better understand the cerebrovascular mechanisms that may accompany cognitive deficits to try and establish treatments that could be used to actively counteract them from transpiring.
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Differentially expressed in neurological disorders ~ Luminal
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and failure in cinical trals.
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A neurorestorative therapy that has demonstrated neurogeness in animal models but no success.
in humans.
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CN (n = 31) CP (n=15) PD (n = 49) p value PDvs.CN pvalue PDvs.CP p value CPvs.CN

n (F:M) 16:15 4:11 12:37 0.01 0.25 0.07
Age (years): mean (range) 66.4 (52-81) 69.1 (53-84) 68.9 (52-85) 0.23 0.84 0.26
No. of cardiovascular risk 1.52 (1.12) 2.93(1.16) 1.72 (1.52) 0.55 0.002 <0.0001

factors: mean (SD)

Cardiovascular Risk
Factors (% of group):

Hypertension 2.0 73.3 26.5 0.13 0.02 0.005
Diabetes mellitus 6.5 13.3 6.1 0.36 0.43 0.46
FH of CVD 45.2 46.7 22.4 0.10 0.15 0.25
Smoker 29.0 66.7 28.6 0.15 0.03 0.01

Hypercholesterolaemia 45.2 68.9 22.4 0.08 0.004 0.05
Ischaemic heart disease 6.5 13.3 12.2 0.13 0.31 0.30
Atrial fibrillation 0 20.0 2.0 0.61 0.04 0.03
Disease Duration (years): N/A 1.1(0.77) 7.2 (4.45) N/A N/A N/A

mean (SD)

Hoehn and Yahr Score: N/A N/A 2.60 (0.09) N/A N/A N/A

mean (SD)

UPDRS Score: mean (SD) N/A N/A 29.2 (12.7) N/A N/A N/A

LEDD (mg): mean (SD) N/A N/A 583.5 (399.6) N/A N/A N/A

MoCA Score: mean (SD) 27.9 (2.3) 26.1(2.9) 25.2 (3.9 0.0004 0.39 0.04

Cube-root of WML volume 1.26 (0.83) 2.11(0.72) 1.80 (0.95) 0.008 0.19 0.001

(mm): mean (SD)

AF, atrial fibrillation;, CN, control negative; CR, control positive; CV, cardiovascular; DM, diabetes mellitus; FH of CVD, family history of cardiovascular disease; Hyperchol.,
hypercholesterolaemia; IHD, ischaemic heart disease; LEDD, levodopa equivalent daily dose; MoCA, Montreal Cognitive Assessment; RF, risk factors; PD, Parkinson’s
disease; TD, tremor dominant; UPDRS 111, unified Parkinson’s disease rating scale motor score; WML, white matter lesion.
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Deg. F value p value F value p value

freedom
Region 6 0.3 1.0 3.5 0.002
MoCA 1 3.8 0.06 0.4 0.52
LEDD 1 0.4 0.5 6.1 0.02
UPDRS 1 0.5 0.5 0.02 0.9
Region: MoCA 6 0.1 1.0 1.7 0.1
Region: LEDD 6 0.5 0.8 1.0 0.4
Region: UPDRS 6 0.4 08 0.8 0.5
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Hemorrhagic stroke

Hemorrhagic stroke

Structural NVU Remodeling

— 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-B.

— 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

— 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 agquaporin-4.

—Morphology of newly formed vessels resemble that of the
developing brain.
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1.73
2.03
1.65

37.46

3.49

265

1.44
85.53

236.01

20.99

6.47

8.48

716.19

35.81

8.29

19.76

5.88

20.32

936.18

206.24

94.26

12.02

35.51

14117

226.08

10.87

574

13.26

2w

282.65

3.56

1291.7

39.94

14.583

129.87

372

4.83

86.06

15.87

4.93
1.18
17.83
1.04

385.48

10.67

159
52.7

Principal
G-protein**

Gio
Gs

Gs

Gio
Gyo
Gs

Gs

Gio

Gijo

Gio
nd®

Gs, G, Gq

Gs

Gio

a
G

Gifo, Gq,

Grz/13

Giz/13

Go

Gifo, Gqy
Giz/13

Gy, Gy
Gizjta

Gijo

Gyo

Gio

Gs, Gq

Gi/o, Gq,
Giz/13

Gs

Gyo

e

Gijo

G

Gs

e

Gio

Go

G

Go

nd

Canonical Wnt
signaling
G

Gijo, Gt

Gs, Gyo,
Canonical Wnt
signaling
Putative
Canonical Wnt
signaling
Canonical Wnt
signaling
Gio, Grzrta

Gs, Gijo, Ga,
Giraia

Gs

nd
nd
nd
nd

Giz/13
Non-classical

nd
Giro

GPCR
sub-class

Adhesion

Frizzled

Frizzled

Frizzled

Frizzled

Frizzled

Frizzled

Frizzled

A
7™

Endogenous
agonists

Adenosine

Epinephrine >
norepinephrine

CGRP >
Adrenomedullin

Resolvin E1 >
Chemerin

ccL2s

CxcL12
CCL19

Endothelin-1 >

endothelin-3

Free fatty acids

Gastic inhibitory
polypeptide

17p-estradiol

Kisspepin-
10,-13,-14,-54,-52

LTD; > LTCs > LTEs
LTC; > LTD, > LTE;

LPA

LPA

StP>
sphingosylphosphoryl-
choline >

LPA

S1P >
sphingosylphosphoryl-
choline

S1P>
sphingosylphosphoryl-
choline

Glutamate > NAAG

Glutamate >
L-serine-O-phosphate

Nociceptin/orphanin
FQ

PACAP-27 =
PACAP-38 > VIP, PHI,
PHM, PHV

Thrombin activated
protein G, MMP1,
MMP13

PTH = PTHrP-1, TIP39

PGD; > PGFz >
PGE; > PG,
thromboxane Ag PGDs,
PGJ;

PGE > PGE; >
PGF2, > PG, > PGD2
> thromboxane Ay
PGE; > PGE; >
PGF2, > PG, > PGD2
> thromboxane Ay
PGPz, > PGD, >
PGE;, PGI, >
thromboxane Ay

PG, > PGE; > PGDy,
PGPy, > thromboxane

A
PGE,

Thromboxane Az =
PGH; > PGD,, PGE,,
PGFzq, PGz,

ADP > ATP

UDP = UDP-glucose >
UDP-galactose >
UDP-glucoronic acid >
UDP-N-acetyl-
glucosamine
Vasopressin > oxytocin

Neuropeptide Y =
peptide YY >
pancreatic polypeptide

Orphan

Wht-1, Wnt-2, Wnt-3A,
Wnt-5A, Wnt-78
Wnt-2, Wnt-3A,
Wnt-6A

Wnt-3A, Wnt-4,
Wnt-5A, Wnt-58,
Wnt-7A

Wnt-3, Wnt-3A,
Wnt-5A, Wnt-7A

Wnt-2, Wnt-3A,
Wnt-98

Wnt7A, Wnt-78

Constitutively active;
oxysterols?

H*

HE

nd
nd
Adrenomedullin
nd

nd
R-spondini-4

n.d
N/A

Signal transduction
effects; roles

L cAMP;

Avterial vasoconstriction
+ CAMP;

Arterial vasorelaxation

1 CAMP;

Aterial vasorelaxation

1 IP3/DAG;
Arterial vasoconstriction

1 cAMP;
Arterial vasoconstriction

+ CAMP;

Vasodiation
Non-functional alone,
requires a RAMP,

Likely colocalizes with
RAMP2 to form AM;
receptors in pericytes

1 GAMP; Vasoconstrictor
with a role in inflammation

1 Ca?;

Activation of adaptive
immune response;
Leukocye recruitment

Anchors and presents
chemerin to
Crmikirt-expressing cells

Vasoconstriction in SMCs;
Extracellular matrix
production and
inflammation

1 IPs/DAG/PLAL/PLD;
Vasodilation in ECs,
vasoconstriction in SMCs
1 IPs/DAG;

Roles in metabolism and
inflammation

1 cAMP;

Increases blood flow in
adipose microvessels
Diverse genomic and
non-genomic roles;
Vasodilation, likely via
secondary G, coupling

1 IP3/DAG;
Vasoconstrictor, inhibits
angiogenesis

+ IP3/DAG:

Vascular permeability, SMC
contraction, immune cell
activation

1 cAMP;

1IP3/DAG and PLA:;
Vasoconstrictor

4 cAMP;

1 IP3/DAG;

BBB permeabilty

1 cAMP;

1 IP3/DAG and PLD;
Leukocyte recruitment,

| vascular permeabilty

1 CAMP;

1 IP3/DAG;

| chemotaxis, 1 vascular
permeabilty

| cAMP;

1 IP3/DAG;
Vasoconstriction via SMCs,
vasorelaxation via ECs;
Angiogenesis

1 CAMP;

Inhibits glial non-vesicular
glutamate release and
neuronal synaptic plasticity
| AMP;

Low glutamate affinity,
auto-inhibition of glutemate
release

| AMP;

Bradycardia, hypotension
upon systemic
administration of agonist
 CAMP;

Potent vasodilator

Haematopoietic
development, vascular
development, peripheral
vasodilation, hypotension,
bradycardia

1 CAMP; Systernic mineral
homeostasis

1 CAMP;
Vasodilation, role in
angiogenesis

1 IPy/DAG;
Role in NVC

1 cAMP

1 IP/DAG;

Angiogenesis, matrix
remodeling

1 CAMP;

Released from ECs, drives
vasodiation, angiogenesis

1 IP3/DAG; vasoconstriction

| AMP;

Platelet aggregation;
Microglial migration;
Vasoconstriction

1 cAMP;
inflammatory/immune
responses

1 IP3/DAG;
Vasoconstriction

1 cAMP;

Inhibits glutamatergic
neurotransmission; Vascular
remodeling;
Vasoconstriction

+ Ca?*;
CamKll and Jun kinase
activity

Pericyte motiity and polarity
during angiogenesis

Decoy receptor, dampens
W signaling

Cell prolferation,
differentiation and polarity

Pericyte motiity and polarity
during angiogenesis
nd

Putative role in CNS
angiogenesis
Angiogenesis, remodeling,
proliferation and NO release
inECs

+ CAMP
+ IP3/DAG
Pro-inflammatory in ECs

1 CAMP;
Pro-inflammatory in ECs

nd
nd
nd

Regulation of vascular SMC
tone

Reinforces p-catenin and
Wit signaling

Implicated role in lipid
metabolism

nd

nd

Key references

Boreaetal,, 2018

Hieble and Ruffolo, 1997;
Guimaraes and Moura,
2001; Muszkat et al., 2005;
Silva and Zanesco, 2010;
de Oliveira et al., 2019

Poyner et al., 2002

De Henau et al., 2016;
Kennedy et al., 2016

Watts et al., 2013; Mazzotti
etal, 2017

Patel et al., 2014; Maguire
and Davenport, 2015;
Urtatiz and Van
Raamsdonk, 2016

Lietal,, 2018

Asmar et al., 2019

Prossnitz and Arterbum,
2015; Evans et al., 2016

Sawyer etal, 2011;
Gvetkovic et al., 2013

Zhang et al., 2006;
Woszczek et al., 2007;
Thiriet, 2013

Means and Brown, 2009;
Cheng et al., 2012; Aoki
etal., 2016; Pébay and
Wong, 2017; Masago et al,
2018

Wroblewska et al., 1998;
Harrison et al., 2008;
Palazzo et al., 2016; Yudin
and Rohacs, 2018

Kapusta et al., 2002

May et al., 2010; Koide
etal, 2014

Cheung et al., 1998; Yue
etal, 2012

Mahon, 2012

Pratico and Dogné, 2005;
Kaczynski et al., 2016;
Longden etal., 2019;
Upchurch and Leitinger,
2019; Ozen et al., 2020

Sasaki et al., 2003;
Wihlborg et al., 2004

Harden et al., 2010

Yang etal., 2010

Crnkovic et al., 2014;
Huang and Thathiah, 2015

Shima et al., 2007; Cortiio
etal., 2012; Sugimura et al.,
2012

Nichols et al., 2013;
Diksterhuis et al., 2014;
Kilander et al., 2014; Yuan
etal,, 2015; Corda and
Sala, 2017; Henno et al.,
2017; Hot etal, 2017;
Zimmerl, 2018; Kozielewicz
etal, 2020
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2015; Wei et al., 2017;
Carvalho et al., 2020

Singh et al., 2015

The GABA subunit GABAg, is also expressed by pericytes, but s not included here de to the apparent absence of GABA,, required for functional receptors. Abbreviations not used
elsewhere: LPA, lysophosphatidic acid; MMP. matrix metalloproteinase; NAAG, N-acetylaspartylglutemate; PHI, peptice histidine-isoleucine; PHM, peptide histidine-methionine; PHV,
peptide histicine-valine; PLD, phospholipase D; TIP39, Tuberoinfundibular peptide of 39 residues; VIR, vasoactive intestinal peptide.

n.d, no date.

“Data from He et al. (2018) and Vanlandewick et al. (2018), expressed as average counts per cell annotated as a brain pericyte. Cells were isolated from adult mice of either sex aged

10-19 weeks.

**We note here the principal transduction G-protein, although many receptors are promiscuous and couple to secondary transduction pathways. Frizzled receptors canonically couple
to Wit signaling but may also interact with a rage of G proteins. Where there is no clear primry pathway, we list a possibilties. Readlers are referred to Alexander et l. (2019) for further

details.
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PKCisoform  Gene name Average Class Ca?* activation  DAG activation Phospholipid Regulation by

counts/cell activation arachidonic
(annotated as acid
a pericyte)
PKC-« Prica 657 Conventional Yes Yes Yes +
PKC-B1 Prkeb 17.45 Conventional Yes Yes Yes +
PKC-p2 Prich Conventional Yes Yes Yes +
PKC-y Prkeg 13.19 Conventional Yes Yes Yes o
PKC- Pricd 598 Novel No Yes No -
PKC-e Prkce 6.65 Novel No Yes No Insensitive
PKG- Prkch 125 Novel No Yes No +
PKC-6 Prkeq 0.04 Novel No Yes No Insensitive
PKC- Prici 22.30 Atypical Insensitive Insensitive Yes Insensitive
PKC-t Prkcz 0.06 Atypical Insensitive Insensitive Yes Insensitive

mRNA average counts per cell were mined from He et al. (2018) and Vanlandewick et al. (2018). For regulation by arachidonic acid, “+” denotes an increase in enzymatic activity, while
“" represents a decrease in enzymatic activity.
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AC isoform

AC-I
ACI
AC-IIl
AC-IV
AC-V
AC-VI
AC-VIl
AC-VIll
AC-IX
ACX

Gene name

Adey1
Adey2
Adeyd
Adeyd
Adey5
Adey6
Adey?
Adcy8
Adey9

Adey10

Average counts/cell
(annotated as a pericyte)

0.79
031
15.18
11.33
827
89.98
134
0.05
56.32
034

mRNA average counts per cell were mined from He et al. (2018) and Vanlandewijck et al.

018).
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Channel Gene mRNA Ton selectivity Endogenous Key properties Key references

protein average activators and key
counts/cell* modulators
K6.1 Kenjg 1670.21 K+ ATP:ADP, UDP, Weakly rectifying; Forms Ishizaki et al., 2009
Gy/Gs signaling Karp channel with SUR2 to
mediate
metabolism-electrical
coupling
K22 Kenj12 31.01 Kt K#, Strongly rectifying; Matsushita and Puro, 2006;
hyperpolarization Propagation of Longden and Nelson, 2015;
hyperpolarizing signals Longden et al., 2017
K12 Kena2 125 K*
K21 Kenb1 a1 Kt
K.6.1 Keng1 875 Kt Negative feedback
K74 Kengd 77 K+ ) regulation of Vin; Nelson and Quayle, 1995;
Depolarization K, currents have been von Beckerath et al., 2000;
K75 Kengs 1.48 K* reported in peripheral Quignard et al., 2003
K9.1 Kens1 1.66 Kt pericytes
K93 Kens3 321 Kt
Kzp3.1 Kenk3 98 K+ pH Activation in response to Duprat et al., 1997
moderate rise in pH
Knal.2 Kent2 5.87 Kt Intracellular Na*, Maintaining resting Vin; Bhattacharjee et al., 2003;
e Sensitive to cell volume Tejad et al., 2014
changes; Inactivated by
ADP and ATP
Kea2.3 Kenn3 1.81 K+ Intracellular Ca?* Hyperpolarization in Taylor et al,, 2003; Adelman
response to Ca®* elevation;  etal,, 2012
TRPC1 Trpct 16.04 Nat, K+, Ca2+ n.d® Store-operated Ca?+ entry Huang et al., 2006; Cheng
in association with STIM1 etal.,, 2008
and Orait
TRPC3 Trpe3 266.99 pCa?*/pNat: 1.6 G signaling, DAG Facilitates Ca®* entry; Xi et al., 2009; Kochukov
Nat*, K*, Ca?+ Depolarizes Vi, etal., 2014
TRPC4 Tipod 67.83 pCa?*/pNat: Gijo/Gq signaling Activated by Gy/o-GPCR Albert, 2011; Jeon et al.,
14-7.7 signaling 2012
Natt, K¥, Ca?*
TRPCE Tipcé 594 pCa?*/pNa*: 5 G signaling, Mechanosensation; Ca?* Gongzales et al,, 2014
Natt, K, Ca?* arachidonic acid, influx through TRPCS can
lysophosphatidylcholine, sensitize IP3R to cause
20-HETE Cal* release
TRPM3 Tiom3 1.04 pCa®*/pNat: 1.6 Sphingosine, Steroid signaling; Grimm et al., 2005; Wagner
Nat, K*, Ca?*, sphinganine, Lipid signaling; etal., 2008
Mg+ NN-dimethyl-D- Mechanosensation
erythrosphingosine,
pregnenclone sulfate
TRPM4 Tipmd 2132 Natt, K+ PIP,, intracellular Permeable to monovalent Gonzales et al., 2014
Ca?* cations; Depolarizes Vim in
response to Ca?* elevations
TRPM7 Tiom7 104.35 pCa®*/pNa*:0.34  PIP, Mg?* homeostasis; Can Schlingmann et al., 2007;
Nat*, K, Ca?*, modulate store-operated Souza Bomfim et al., 2020
Mg+ CaP* entry;
pH sensitive;
TRPML1 Mcoln1 39.53 Na*, K¥, Ca?*, Phosphaticyl (3,5) Lysosomal ion homeostasis  Venkatachalam et al., 2015
Mg2+ inositol
bisphosphate
TRPP1 Prd2 117.24 Nat, K*, Ca?* Intracellular Ca?* Large Ca?* conductance; Sharif-Naeini et al., 2009;
Mechanosensation in Narayanan et al., 2013
association with PKD1
TRPP3 Pka2i2 1.3 pCa?*/pNa*:4-43  nd PH sensitive Inada et al,, 2008
Na*, K*, Ca?*,
Mg?*
TRPV2 Tipv2 986 pCa?*/pNat: nd Mechanosensitive - detects  Peralvarez-Marin et al.,
0.9-29 cell swelling/stretch 2013
Na, K+, Ca?*,
Mg?*
IPsR1 Itor1 209.62 Ca?* Mediate Ca?* release from
1P3R2 Itor2 25048 GCal+ ,, chdoplasiciisticuilim Foskett et al., 2007;
IPsR3 Itor8 178 ca?* s Syiocolic G5 upon binding of Ps; Berridge, 2016
Participate in many
intracellular Ca?* signaling
processes
Ca,12 Cacnalc 99.46 Ca?* entry in response to
Ca13 Cacnald 248 depolarzation or at resting;
Vmi Ltype Ca* currents
ca2.1 Cacnata 105 i N——— e poioyes | Sokagamietal, 1909;
Ca3.1 Cacnalg 1.73 Perez-Reyes, 2003
Ca32 Cacnaih 4259
Orait Orait 2288 ot ot G 0o perated Cate
Orai3 Orai 9094 Lo i Prakriya and Lewis, 2015
permit Ca?* entry upon
store depletion
CaCC Anot 32091 o Intracellular Ga?* Membrane depolarization i Sakagami et al., 1999;
(TMEM164) response to increased Hashitani et al., 2018
Ca?+; CaCG currents
reported in retinal and
peripheral pericytes
cic2 Clen2 1995 a- Hyperpolarization, Repolarization of Vin; Nilius and Droogmans,
arachidonic acid Sensitive to intracellular ATP  2003; Stlting et al., 2013;
and ADP Bietal., 2014
ASIC2 Asic2 452 pNat*/pCa?*: 20 Extracellular H* Activated by extracellular Gannon et al., 2008;
pNa*/pK*: 10 acidification Sherwood et al., 2012
Nat, K*, Ca2+
Nay1.2 Scn2a 3.02 Na* Depolarization Net* inlux in respons to § Yu and Catterall, 2008; Lee-
Ney1.s Sortin 155 R membrane depolarization: i.uon et al, 2007
Na,1.3is expressed in
peripheral pericytes
e fe b Nat, K, Ca?* ATP Local ATP sensors Khakh et al., 2001
P2X4 P2rxd 236 e '
Piezot Piezol 2.09 Nat, K+, Ca?*, Mechanically Senses and couples shear  Coste et al., 2010; Lietal,,
Mg+ activated stress with cation entry 2014
TPC1 Tpeni 36.44 N Phosphatidyl Located on
TPC2 Tpen2 6.01 A, 6%, O (3/5) inositol Sndosomalysosormel Calcraft et al., 2000;
bisphosphate N AADP bl et Pitt et al, 2016
Ca®* release

Naming conventions used throughout conform to those outiined in the IUPHAR/BPS Guide to Pharmacology (Armstrong et al., 2020). Permeabilty ratios are noted in bold where
appropriate. Abbreviations not used elsewhere: NAADR, nicotinic acid adenine dinucleotice phosphate.

“n.d, no date.

“Data from He et al. (2018) and Vaniandewijck et al. (2018), expressed as average counts per cell annotated as a brain pericyte. Cells were isolated from adt mice of either sex aged
10-19 weeks.

“Permeabilty for short-pore sequence isoform TRPM3a2.
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Parameter

1. Specific binding

2. Tortuosity

3. Vessel compliance

4. Mural cell contractility

5. Aquaporin-4 polarization

Normal

Pathological

Key

Parenchyma

Basement membrane
CSF flow

CSF flow (reduced)
Blood flow

Amyloid-

Other solutes
Fibronectin

Collagen IV

Smooth muscle cell
(contracted)

Smooth muscle cell
(relaxed)

Laminin isoforms

Astrocyte endfoot

Agrin

Aquaporin-4
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Collagens
Collagen IV

Fibulins

Fibulin-1

Fibulin-2
Fibulin-5

Perivascular Localization

o Brain microvessels (Urabe et al., 2002)
e Choroid plexus (Urabe et al., 2002)
o Leptomeningeal arteries (Keable et al., 2016)

o Brain microvessels (Rauch et al., 2005)
e Choroid plexus (Rauch et al., 2005)

e Larger intraparenchymal vessels (Rauch et al., 2005)
e Brain microvessels (Guo et al., 2016)

Heparan sulfate proteoglycans

Perlecan

Agrin

Collagen XVIII

Laminins

Laminin 111

Laminin 211

Laminin 411
Laminin 421
Laminin 511
Nidogens
Nidogen-1

Nidogen-2

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

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

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

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

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

e Brain microvessels (endothelial BM) (Sixt et al., 2001; Halder et al., 2018)
e Brain microvessels (endothelial BM) (Sixt et al., 2001; Ljubimova et al., 2006)
e Brain microvessels (endothelial BM) (Sixt et al., 2001)

o Brain microvessels (Niquet and Represa, 1996)

o 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)

Cellular source

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

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

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

o Astrocytes (Howe et al., 2019)
¢ 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)
o 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)

o Astrocytes (Menezes et al., 2014)

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

o 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)

e 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)
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Subjects

AD patients

AD patients

AD patients

AD patients

AD Patients

AD patients*

AD patients

Transgenic mice (3xTQ)
Transgenic mice (P117L)*
Transgenic mice (Tg2576)

Transgenic mice (Tg-ArcAB)

Transgenic mice (3xTQ)

Collagen IV

—~ 3 > > > ¢ >

Fibronectin

Agrin

Perlecan

Laminin

Nidogen-2

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.
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