

[image: image1]
Pericytes: Intrinsic Transportation Engineers of the CNS Microcirculation












	 
	REVIEW
published: 23 August 2021
doi: 10.3389/fphys.2021.719701





[image: image]

Pericytes: Intrinsic Transportation Engineers of the CNS Microcirculation

Ahmed M. Eltanahy1, Yara A. Koluib2 and Albert Gonzales1*

1Department of Physiology and Cell Biology, School of Medicine, University of Nevada, Reno, NV, United States

2Tanta University Hospitals, Faculty of Medicine, Tanta University, Tanta, Egypt

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

Reviewed by:
Walter Lee Murfee, University of Florida, United States
Anusha Mishra, Oregon Health and Science University, United States

*Correspondence: Albert Gonzales, albertgonzales@unr.edu

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

Received: 02 June 2021
Accepted: 29 July 2021
Published: 23 August 2021

Citation: Eltanahy AM, Koluib YA and Gonzales A (2021) Pericytes: Intrinsic Transportation Engineers of the CNS Microcirculation. Front. Physiol. 12:719701. doi: 10.3389/fphys.2021.719701

Pericytes in the brain are candidate regulators of microcirculatory blood flow because they are strategically positioned along the microvasculature, contain contractile proteins, respond rapidly to neuronal activation, and synchronize microvascular dynamics and neurovascular coupling within the capillary network. Analyses of mice with defects in pericyte generation demonstrate that pericytes are necessary for the formation of the blood-brain barrier, development of the glymphatic system, immune homeostasis, and white matter function. The development, identity, specialization, and progeny of different subtypes of pericytes, however, remain unclear. Pericytes perform brain-wide ‘transportation engineering’ functions in the capillary network, instructing, integrating, and coordinating signals within the cellular communicome in the neurovascular unit to efficiently distribute oxygen and nutrients (‘goods and services’) throughout the microvasculature (‘transportation grid’). In this review, we identify emerging challenges in pericyte biology and shed light on potential pericyte-targeted therapeutic strategies.
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INTRODUCTION

Our definition and understanding of pericytes within the capillary network have evolved from their initial discovery as simple mural cells with a distinctive “bump-on-a-log” morphology to a kind of a cellular jack-of-all-trades. Seminal studies published along the way have further supported important roles for these cells in capillary physiology in both health and disease. In the current review, we discuss the multi-faceted capabilities of pericyte within the capillary circulation and their essential role in the formation, preservation, and control of blood vessels and blood flow. We will also draw an anthropomorphic comparison of the pericyte’s role within the capillary network to that of a transportation engineer in building, maintaining, and regulating the throughways of transportation.

Eberth and Rouget were the first to describe a population of cells within the capillary circulation approximately 150 years ago (Stricker, 1871), initially naming them for their perivascular position, and later became the first to distinguish these cells from migratory leukocytes (Rouget, 1873). Fifty years later, Zimmermann renamed these cells ‘pericytes’ based on the location of the cell (-cyte) around (peri-) capillary vessels (Zimmermann, 1923). Since their initial discovery, pericytes have been credited with a vast array of physiological functions in the capillary vasculature. The Betsholtz’s and Daneman’s laboratories demonstrated that pericytes are critical for the normal formation of blood vessels and maintenance of the blood-brain barrier (BBB; Armulik et al., 2010; Daneman et al., 2010)—a highly selective, semipermeable border that separates the circulation from brain tissue. Around the same time, Attwell and colleagues reconfirmed the contractile nature of pericytes and branded them vascular ‘first responders’ in matching capillary blood flow to neuronal activity (Peppiatt et al., 2006; Hall et al., 2014). Since these formative papers, the function and definition of capillary pericytes have continued to be refined. Shih and colleagues (Hartmann et al., 2021) further classified pericytes into separate cellular subtypes, introducing the terms ‘ensheathing,’ ‘mesh,’ and ‘thin-stranded’ to describe points along the morphological continuum of capillary pericytes. Nelson and colleagues further provided novel observations establishing a post-arteriole transitional zone containing junctional contractile pericytes, demonstrating that capillary pericytes in this region control the morphology of capillary junctions and blood flow between branches to ensure efficient function of the capillary network and optimal perfusion of the brain (Gonzales et al., 2020). These observations and others from prominent investigators in the field (Fernández-Klett et al., 2010; Hamilton et al., 2010; Grubb et al., 2020) have lifted pericytes from obscurity and into the limelight as cells important for the construction, maintenance, and function of the capillary network. These “transportation engineer” functions of pericytes require the ability to efficiently coordinate functions, integrate signals, and instruct and otherwise communicate with different cell types in the surrounding microenvironment. In this review, we embellish on this conceptual role of pericytes as vascular transportation engineers of the central nervous system (CNS) in health and disease.



TRANSPORTATION ENGINEERS OF THE MICROVASCULATURE


Pericytes Fine Tune Blood Flow Within Capillary Networks to Match Neuroenergetics

The functional linkage between neuronal activity and blood flow, a process termed neurovascular coupling that is responsible for the activity-dependent increase in local blood flow (functional hyperemia), was previously thought to be solely mediated by changes in the tone of the smooth muscle cells that form a continuous layer around the endothelial cell lining of arterioles. Work by Attwell and colleagues pushed pericytes—the mural cells of the capillary network—into the neurovascular coupling conversation as major regulators of capillary diameter and blood flow that directly respond to neuronal activity (Hall et al., 2014). These observations were not without controversy. The contractile nature of pericytes had been previously debated by some (Hill et al., 2015), and others simply questioned the cellular identity of contractile mural cells, considering them to be smooth muscle cells. Currently, capillary pericytes are thought to represent a phenotypic continuum, with subtypes that differ in morphology, protein expression, and function showing a gradual transition with distance from the feeding arteriole. Recently, our lab and those of others (Hartmann et al., 2021; Hørlyck et al., 2021) have made efforts to functionally identify molecular players and contractile machinery within different subtypes of pericytes.

The most widely accepted determinant of the different subtypes of pericytes is the expression of alpha-smooth muscle actin (α-SMA), the dynamically contractile, Ca2+-dependent actin isoform encoded by the Acta2 gene. Pericytes also express moderate-to-high levels of genes encoding other contractile proteins, such as desmin and myosin light chain (Nehls and Drenckhahn, 1993; Sweeney et al., 2016). Efforts have also been made to identify the Ca2+ circuits in pericytes that contribute to the contraction of α-SMA–expressing pericytes within the post-arteriolar transitional region. Recent work from Gonzales et al. (2020) showed that pericytes can compartmentalize Ca2+ and contraction dynamics to the individual projections that wrap around different capillary branches. The compartmentalization of Ca2+-signaling domains to projections and the ability of these projections to contract independently of each other provides functional evidence that pericytes differ from vascular smooth muscle cells (VSMCs). Pericyte contraction also involves Ca2+ influx and intracellular release via L-type Ca2+ channels (LTCCs) and inositol triphosphate receptors (IP3Rs), respectively (Figure 1), not unlike VSMCs. But importantly, ryanodine receptors, a defining feature of all VSMCs, are functionally absent from pericytes and thus do not contribute to Ca2+ dynamics. Contractile junctional pericytes can also receive hyperpolarizing signals from downstream endothelial cells, leading to branch-specific dilatory responses that serve to increase the precision of blood flow delivery to active neurons (Cuevas et al., 1984; Gonzales et al., 2020; Kovacs-Oller et al., 2020). However, understanding the underlying biophysical and cellular mechanisms that enable pericyte projections to restrict Ca2+, electrical and contraction dynamics, and how consequent changes in the contractile state of daughter branches control junctional geometry to affect blood rheology and/or oxygen extraction, will require further investigation.
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FIGURE 1. Contractile machinery in ensheathing vs capillary pericytes. Ensheathing pericyte’s morphology appears similar to that of SMCs but with a dense wrapping banding pattern of tightly packed projections from a single pericyte. They possess high amounts of α-SMA and are located on the transitional region. Capillary pericytes with a thin-strand morphology are located on high-order capillaries. These cells possess low amounts of α-SMA. Elevation of intracellular Ca2+ and free radical production activates Rho-kinase and polymerization and vasoconstriction. VGCC, voltage-gated calcium channel; ROS, reactive oxygen species; RNS, reactive nitrogen species.


Numerous labs have reported that α-SMA expression in pericytes decreases in deeper reaches of the capillary tree, yet many other contractile proteins are still present in these cells (Lindskog et al., 2006; Billaud et al., 2017; Gonzales et al., 2020). A new study by Hartmann and colleagues using selective optical ablation or activation of capillary pericytes reported that capillary pericytes deeper in the capillary network exert both static and slow regulation of capillary diameter (Hartmann et al., 2021). In so doing, these cells can affect the resistance and flow through the vessel. This study also showed that this slow constriction of capillary vessels is inhibited by fasudil, a Rho kinase inhibitor used clinically as a vasodilator, suggesting the involvement of Rho kinase in this process (Figure 1). A role for Rho kinase in the maintenance and integrity of stress fibers through direct and/or indirect phosphorylation (Amano et al., 1996) and its possible regulation of non-muscle actin isoforms, β- and γ-actin (DeNofrio et al., 1989; Shum et al., 2011), could explain the slower kinetics of the response. Reactive oxygen species (ROS) link pericyte depolarization to Rho-kinase activation and, hence, vasoconstriction. ROS are critical in pericyte biology (Shah et al., 2013a). Specifically, it has been shown that pericyte contraction caused by ROS accumulation following brain ischemia/reperfusion injury leads to capillary constriction (Cai et al., 2017). With two broad functional subtypes—one capable of rapid, dynamic constriction and the other constricting through slow modulation of vessel tone—pericytes provide the means to control blood flow and the delivery of O2 and nutrients throughout the brain.

Quantitative neuroimaging techniques have revealed discrepancies between changes in cerebral blood flow and changes in the cerebral metabolic rate of oxygen (CMRO2), and thus the tissue oxygen extraction fraction (OEF; Angleys et al., 2018). Healthy brain tissue has excess oxygen delivery compared with utilization (Mintun et al., 2001). At rest, this excess oxygen diffuses back to the capillary, but, in neuronal activation, it may be used for oxidation without necessary increase of CBF. Taken together, if tissue demand increases or CBF decreases, tissue oxygen levels can be maintained in the viable range without the need for increased CBF. This ‘uncoupling’ of oxygen consumption from the degree of functional hyperemia reflects limitations in oxygen diffusion across microvascular walls (Tsai et al., 2003). OEF and blood flow are inversely related, highlighting a fundamental biophysical limitation in the ability of vasodilation to meet cellular oxygen demands (Jespersen and Østergaard, 2012; Østergaard, 2020). It has been hypothesized that such decreases in OEF could significantly reduce the metabolic benefits of a simple hyperemic response. Neural activity and hypoxia are not only followed by a general increase in blood flow, but also by a rapid redistribution of capillary flow to a more homogeneous flow pattern. Such homogenization of the capillary pattern is thought to increase OEF, raising the question of whether OEF can change independently of blood flow. This raises another interesting question: can contractile pericytes at capillary junctions determine tissue oxygenation through dynamic regulation of blood flow distribution—or redistribution—rather than by simply changing capillary resistance and overall blood flow?

The spatially restricted increase in cerebral blood flow that follows local neural activation constitutes the functional hyperemic response and forms the basis of functional magnetic resonance imaging (fMRI). The response occurs rapidly, with an onset time on a millisecond scale (Silva et al., 2000). Interestingly local neuronal stimulation and GABAergic and glutamatergic signaling were shown to cause retinal pericytes to dilate, implying a link between local inhibitory/excitatory balance and capillary hemodynamics and that there is an endogenously active neurotransmitter signaling to pericytes (Peppiatt et al., 2006). A generalized pericyte dilation would allow for more a homogeneous flow of red blood cells (RBCs) in response to local neurotransmitter release, allowing for higher OEF (Jespersen and Østergaard, 2012). The RBC velocity heterogeneity might be necessary for the redistribution of flow during activation. At baseline, it is known that capillary is very heterogeneous (Schmid et al., 2017). In vivo experiments showed that high and low flow capillaries respond differently to neuronal activity and that RBC velocity increases, as well as decreases, can be observed (Stefanovic et al., 2008). This redistribution of flow leads to a reduction of Capillary transit time heterogeneity (CTH). So, to upregulate the oxygen supply, at least two regulation mechanisms should be playing in synergism, namely CBF upregulation and capillary flow homogenization (Schmid et al., 2019). This can be more relevant at deeper cortical levels, where the feeding flow rate is lower and the CTH is larger leading to very effective extraction of oxygen is required, especially that RBCs saturation is lower in the deep cortical layers (Schmid et al., 2017, 2019). Accordingly, the topology of the microvascular network, for example, mass balance at the bifurcation, branch pressure gradient, and flow resistance can determine the ratio of RBCs distribution and heterogeneity of RBC capillary transit time (Schmid et al., 2019). Accordingly, constriction of functional thoroughfare routes with an ensuing redistribution of RBCs to capillaries with more homogenous transit times would result in a more efficient OEF (Østergaard, 2020). Therefore, pericytes are thought to regulate RBC distribution at capillary bifurcations and adjust local capillary diameter in response to local cellular needs (neuroenergetics), leading to subsequent changes in CTH and OEF that possibly contribute to the observed rapid variations in oxygen that serve to adapt to changing energy demands of the surrounding microenvironment.



Pericytes Synchronize With Endothelial Cells to Support Effective Vascular Formation, Maintenance, and Control of Endothelial Specialization

Pericytes and endothelial cell dynamics are synchronized during capillary blood flow regulation (Armulik et al., 2005; Institoris and Gordon, 2021) and endothelial sprouting in angiogenesis (Coelho-Santos et al., 2021). Pericyte-endothelial physical interactions are hypothesized to be critical for providing microvascular wall stabilization by maintaining pericyte properties and/or holding them in “suspended animation” i.e., “the microvasculature can provide a niche that prevents differentiation of pericytes into mesenchymal cell derivative” (Bautch, 2011). Pericytes communicate with endothelial cells by direct contact in addition to multiple paracrine signaling pathways; for example, platelet-derived growth factor (PDGF), TGF-β, and Notch signaling (Bergers and Song, 2005). Gap junctions also provide direct communication between the cytoplasm of both cells facilitating the exchange of ions and molecules (Cuevas et al., 1984). Adhesion plaques anchor pericytes to endothelial cells, while peg-and-socket interdigitations penetrate deeply into the endothelial basement membrane supporting intercellular transmission of mechanical forces (Dessalles et al., 2021). Moreover, the contribution of the pericytes to the vascular basement membrane biochemical composition is considered significant due to the unique location of pericytes embedded in the endothelial basement membrane (Thomsen et al., 2017). Taken together, pericytes encounter “solid contact stresses” due to their direct physical interactions with the endothelial cell, being subjected to hemodynamic stresses and perivascular water flow/shear stresses (Dessalles et al., 2021). The transmural pressure difference “regulated by pericytes” leads to fluid crossing the vascular wall through endothelial cell-cell junctions and mechanically influencing pericytes and flowing around them. Pericyte-endothelial cell mechanical interaction was also shown to prevent endothelial cell-mediated extracellular matrix degradation, suggesting a possible mechanobiological mechanism for maintaining microvascular homeostasis.

Pericytes are not only involved in hemodynamic processes but also have an active role in the formation of the blood vessels on which they reside (Coelho-Santos et al., 2021). Pericytes proliferate during angiogenesis in the CNS and in vitro, and the lack of immature mesenchyme in the developing CNS implies that new pericytes develop mainly by the proliferation of pre-existing pericytes in this system. Pericytes can also modulate signaling processes activated by pro-angiogenic and pro-inflammatory cues to control angiogenesis in normal and pathological conditions (Kang et al., 2019). The expression of platelet-derived growth factor (PDGF)-B is not uniform in the developing endothelium, with tip cells expressing higher PDGF-B levels than stalk cells. Pericytes are immediately recruited to emerging angiogenic sprouts and lag only slightly behind the appearance of tip cells (Coelho-Santos and Shih, 2020; Coelho-Santos et al., 2021). Interestingly, NR2F2 (nuclear receptor subfamily 2, group F, member 2) also known as COUP-TFII (COUP transcription factor 2) (Qin et al., 2010), a major angiogenesis regulator during development and within the tumor microenvironment, has been shown to drive angiopoietin-1 (Ang-1) expression in pericytes; moreover, conditional ablation of Nr2f2 in adult mice leads to compromised neo-angiogenesis in tumors and embryos (Suri et al., 1996; Pereira et al., 1999), supporting a role for pericytes in angiogenesis. Ang-1 expression in hematopoietic cells also appears to have a critical role in angiogenesis, highlighting a potential integrated role of hematopoietic cells and pericytes in this process (Takakura et al., 2000; Hattori et al., 2001). Expression of vascular endothelial growth factor receptor 1 (VEGFR1) in pericytes spatially restricts VEGF signaling, promoting endothelial sprouting during angiogenesis (Eilken et al., 2017). Blocking the interaction between proangiogenic growth factors and endothelial cells was shown to promote non-productive angiogenesis, manifesting as poor perfusion, hypoxia, and decreased tumor growth (Noguera-Troise et al., 2006), suggesting an interesting approach for treating tumors that are resistant to conventional therapies. Non-productive angiogenesis around Aß plaques was recently identified in Alzheimer’s disease (Alvarez-Vergara et al., 2021). Taken together, these observations suggest that normalization of the microvasculature is a viable therapeutic approach in clinical settings of cancer biology, stroke, and neurodegeneration, as will be discussed in detail below.

Endothelial cells are highly specialized across vascular beds under both physiologic and pathologic conditions (Cleuren et al., 2019). A gradual cellular, biochemical and functional transition along the vascular tree has been well-established. Do pericytes play a role in this microenvironmental heterogeneity? In capillaries, there is only one basement membrane between endothelial cells and astrocytic endfeet, termed the ‘fused gliovascular membrane’ (Bechmann et al., 2007). However, the absence of a fused gliovascular membrane at the post capillary venules might drive the BBB-typical specialization of the endothelium. Solute diffusion is regulated at the capillary level (Groothuis et al., 2007), whereas leukocyte recruitment occurs preferentially in post-capillary venules. As we will discuss later, pericytes can remodel the perivenular basement membrane representing a path of “least resistance” for immune cell trafficking (Wang et al., 2012; Thomsen et al., 2017).



Pericytes Coordinate Immune Cells and Regulate the Perivascular Microenvironment

“Pericyte sensome” is a novel term that we define as the range of ligands sensed by pericytes. Pericytes are strategically positioned to sense inflammation and send activation/inhibition signals within the local microenvironment. The extravasation of White Blood Cells (WBCs) through blood vessels is a key step in host defense (Kolaczkowska and Kubes, 2013). Certain subtypes of pericytes were discovered to be highly responsive sensory cells that interpret inflammatory signals and send out specific instructions to infiltrating WBCs (Alon and Nourshargh, 2013). What are the mechanisms underlying the immunological learning in-motion phenomenon? (Alon and Nourshargh, 2013) and how do pericytes impose immune privilege on the CNS microvasculature?

The concept behind “CNS immune privilege” imposes strict regulations on immune cell trafficking between the periphery and parenchyma (Mastorakos and McGavern, 2019) which has been recently questioned after the discovery of the Dural lymphatic system (Louveau et al., 2015). For that reason, it is hypothesized that increased pericyte density within the brain likely contributes to the defense of the brain from patrolling leukocytes and pathogens, acting as a “biophysical shield” to maintain tissue homeostasis (Armulik et al., 2011). On the other hand, pericyte-induced remodeling of the perivenular basement membrane represent a path of least resistance for immune cell trafficking (Wang et al., 2012; Thomsen et al., 2017). In response to a stimulus, (for example, inflammation or infection), pericytes express cytokine receptors and toll-like receptors (TLRs) and release cytokines and chemokines (Rafalski et al., 2018). It has been shown that innate immune cells that interact with neuron-glial antigen 2-expressing (NG2+) pericytes can reach the site of necrosis earlier, supporting the proposition that pericytes ‘instruct’ leukocytes by improving their motility programs (Proebstl et al., 2012; Alon and Nourshargh, 2013). Pericytes are a major source of interleukin-6 (IL-6) in the brain (Fabry et al., 1993; Matsumoto et al., 2018), and IL-6 signaling has been shown to provide a molecular ‘switch’ that governs immune cell trafficking across the microvasculature (Chen et al., 2006; Stark et al., 2013). Notably, this process is facilitated by febrile temperatures, which are closely linked to the inflammatory response, as heat is one of the four cardinal signs of inflammation that confer a survival benefit during infection (Evans et al., 2015). Although febrile temperatures can improve the vascular delivery of inflammatory cells to tissues by regulating hemodynamic parameters such as vasodilation and blood flow, the direct role of fever/temperature in modulating pericytes is not clearly understood.

Taken together, pericytes govern the size and location of leukocyte-permissive sites in the postcapillary venules (Nourshargh et al., 2010) as well as the expression profile of recruited leukocytes. Specifically, because pericytes, together with endothelial cells, contribute to the generation of the venular basement membrane, the loose net-like coverage of pericytes creates a basement membrane that shows a discontinuous expression of extracellular matrix proteins (more porous), with gaps in coverage acting as gates for migrating leukocytes in a wide range of inflammatory conditions. As noted above, pericytes are efficient “signal integrators” that provide maturation signals for vascular growth and control immune cell transit from the blood into underlying tissues (Kolaczkowska and Kubes, 2013). In the bone marrow, NG2+ pericyte were shown to maintain the retention of hematopoietic stem cells (HSC) by secreting chemokines and growth factors (Stark et al., 2018; Nobre et al., 2021). On the other hand, in postcapillary venules NG2– pericytes were shown to promote leukocyte transmigration and abluminal crawling (Stark et al., 2018). In the interstitial space NG2+α-SMA– pericytes can guide leukocytes to a focus of inflammation.

Not far from pericytes and its local microenvironment, Cerebrospinal fluid (CSF) is circulating and being pumped along the brain perivascular pathway facilitated by aquaporin-4 (AQP4) water channels in the astrocytic endfeet. CSF homeostasis has been recently redefined by the discovery of the glymphatic system (Iliff et al., 2012). It was only very recently that Kipnis and colleagues (Louveau et al., 2015) discovered that the mouse dura possesses lymphatic structures that are critical for fluid homeostasis and immune surveillance. Notably, Bedussi et al. (2017) achieved global labeling of the perivascular system, provide evidence of fluorescent probe accumulation around and between smooth muscle pericytes and capillaries. Using the PDGF retention motif knockout mouse line, Pdgfbret/ret, in which PDGF-B tethering to endothelial cells is lost, impairing its function, they showed that the development of glymphatic function was suppressed and AQP4 polarization at astrocytic endfeet was decreased (Munk et al., 2019). Recent studies have questioned the impacts of the light-dark cycle, brain temperature, and blood flow on the function of the glymphatic system—a process in which we hypothesize that pericytes might play a central homeostatic role (Cai et al., 2020; Hablitz et al., 2020). The interplay between cerebral blood flow, sleep stage, glymphatic function and pericyte biology clearly will require further investigation. Blood flow in the orbitofrontal cortex has been shown to fluctuate throughout the sleep-wake cycle (Braun et al., 1997; Massimini et al., 2004). It was further shown that Slow-Wave Sleep (SWS) and sleep spindles are inversely correlated with blood flow in the prefrontal cortex (Tüshaus et al., 2017). With their role in matching capillary blood flow to the heterogeneity of neuronal activity, the potential role of pericytes during sleep and/or the buildup of sleep pressure needs to be investigated. It has been also shown that CBF in the thalamus decreases drastically as a function of delta and spindle activity during SWS which possibly regulates the loss of consciousness during this state (Hofle et al., 1997). Interestingly, an endogenous memory reactivation process occurs during sleep that is temporally entrained by slow oscillation-spindle complexes (Schreiner et al., 2021) which raises the question of whether pericytes could play a role in memory consolidation during sleep by controlling cerebral blood flow, which could also exhibit a differential regional distribution.



“Activated Pericytes” Send “Wake-Up” Calls for Tumor Cells, Stem Cells, and Neurons

50 years ago, Folkman et al. (1971) hypothesized that the switch of a tumor from a dormant state to malignancy is driven by the development of vasculature. Stable microvasculature was shown to constitute a “dormant niche,” whereas neoangiogenic sprouts initiate metastatic outgrowth (Ghajar et al., 2013; Weis and Cheresh, 2013). A multifaceted role of pericytes in various critical events of Glioblastoma Multiforme (GBM) initiation, establishment, maintenance, and progression has been proposed (Sattiraju and Mintz, 2019). Strikingly, GBM-activated pericytes were shown to support tumor growth via immunosuppression (Valdor et al., 2017; Sena et al., 2018). Taken together, an angiogenic switch or burst that is characterized by an imbalance between pro- and anti-angiogenic factors has the ability to alter the dormant state and trigger tumor invasion (Indraccolo et al., 2006; Risson et al., 2020).

The vasculature is crafted from a mosaic of cells from different sources (Bautch, 2011). As noted above, pericyte-endothelial interactions are hypothesized to be critical for maintaining pericyte properties and/or holding them in “suspended animation” (Bautch, 2011). During angiogenesis, mesenchymal stem cells are ‘captured’ by developing vessels and become pericytes while retaining nascent stem cell properties which can be later reactivated after injury (Feng et al., 2011). Due to pericyte’s perivascular position and their multilineage potential, they can be considered the in situ equivalent of bone marrow mesenchymal or perivascular stromal cells. The extent to which pericytes act as Mesenchymal Stem Cells (MSCs) during tissue growth and repair has long been a controversial and circular argument (Guimarães-Camboa et al., 2017). MSCs were shown to express genes that are also expressed by pericytes claiming a pericyte origin (Feng et al., 2011; Winkler et al., 2011). On the other hand, isolation and culture of pericytes from tissues, based on the expression of these MSC markers and properties have provided convincing evidence that pericytes may act as a source of MSCs (Feng et al., 2011).

The adult vasculature can shape a niche for organ-specific stem cells, provide a pool of pericytes contributing to the tissue-specific mesenchymal cells and the local adventitial progenitors (Bautch, 2011; Corselli et al., 2013). An interesting study showed that Hematopoietic Stem Cells (HPSC)-derived neural crest stem cells (NCSCs) can differentiate into mural cells that express pericyte markers (Stebbins et al., 2019). These pericyte-like cells were shown to self-assemble with endothelial cells to recapitulate BBB function and key pericyte-driven phenotypes in the brain microvasculature, including enhanced barrier properties and reduced transcytosis (Goldberg and Hirschi, 2009; Stebbins et al., 2019). Capillary pericytes in the forebrain and bone marrow share some commonalities, including their location near HPSCs and their NCSC derivation. Such a specialized perivascular microenvironment, with less permeable blood vessels, maintains hematopoietic stem cells in a low ROS state regulating their activation states (Birbrair et al., 2015; Itkin et al., 2016; Mangialardi et al., 2016; Girolamo et al., 2021), an observation that has a bearing on the previously mentioned critical role of ROS in pericyte biology in health and disease.

Pericytes can also rapidly relay information to neurons. An interesting study by Yu and colleagues (Duan et al., 2018) showed that specific PDGFRβ-expressing cell subtypes of the neurovascular unit rapidly release the chemokine CCL2 after systemic infection, leading to increased neural excitability. As noted above, pericytes are known to respond rapidly to neuronal activity to modulate capillary perfusion and hence OEF. What is also interesting about this interaction is the crosstalk between brain-wide mural cells and subcortical neurons. Perivascular sympathetic innervation of the microvasculature is a critical regulator of immune and stem cell trafficking and homeostasis. Upon entering the Virchow–Robin space, this sympathetic innervation disappears and is completely absent in vessels within the brain parenchyma (Chédotal and Hamel, 1990). Instead, parenchymal arterioles and cortical microvessels are innervated from within the brain tissue, an innervation considered ‘intrinsic’ (Cohen et al., 1997). These vessels receive nerve afferents from subcortical neurons, for example, from the brain stem opioidergic signaling (Cetas et al., 2009), locus coeruleus (Goadsby and Duckworth, 1989), Raphe nucleus, basal forebrain, and cortical interneurons that project to the perivascular space, thereby relaying information to brain-wide microvascular pericytes and SMCs (Cohen et al., 1997; Bekar et al., 2012; Toussay et al., 2013). This closed circuit of pericyte-neuronal crosstalk inside or outside of the CNS is believed to be central for regulating brain control of other organs (e.g., immune and circulatory systems) and their homeostasis.



WHEN MICROVASCULAR TRANSPORTATION ENGINEERS GO MISSING


The ‘Two-Hit’ Hypothesis of Cognitive Decline and Alzheimer’s Disease

The loss of ‘vascular resilience’ within the brain is a harbinger of the onset of age-related cognitive disorders (Arenaza-Urquijo and Vemuri, 2018). Chronic disease in the form of cardio-metabolic disorders, hypertension, BBB dysfunction, decreased Aβ clearance, sleep disruption, vascular oxidative stress, and reduced neurovascular coupling can all modulate vascular resilience (Grandner et al., 2016). A recent study (Perosa et al., 2020) proposed that vascular reserve is a marker of “brain resilience,” showing that the hippocampus has a mixed blood-delivery system and that the accompanying increase in reliability of the blood supply, as well as vascular reserve, protect against cognitive decline. In agreement with the selective vulnerability hypothesis of the hippocampus to damage and hypoxia, it was recently shown that diminished hippocampal neurovascular coupling contributes to the vulnerability of the hippocampus to damage in Alzheimer’s disease (Shaw et al., 2021). The interplay between vascular and neuronal oxidative stresses has been shown to precede and exacerbate Aß pathology (Massaad, 2011). The ‘two-hit vascular hypothesis’ of Alzheimer’s disease states proposed by Nelson et al. (2016b) posits that cerebrovascular damage (hit 1) is sufficient to initiate neuronal injury and that the resulting neurodegeneration leads to accumulation of Aβ in the brain (hit 2). Zhu et al. (2004) also proposed a two-hit hypothesis of Alzheimer’s disease, emphasizing the susceptibility of neurons to two independent insults: oxidative stress and cell cycle-related abnormalities. They further suggested that a common underlying mechanism could lead to this and other neurodegenerative diseases. The fact that neuronal health is intimately linked to the ability of the BBB to provide energy, clear waste, and protect neurons from circulating danger signals highlights the importance of preventing oxidative stress. We hypothesize that pericyte dysfunction could contribute to the two-hit model of Alzheimer’s disease by virtue of their essential roles in angiogenesis, BBB maintenance, and cerebral blood flow (Figure 2). A recent study showed that a decrease in cerebral blood flow in Alzheimer’s brains can initiate non-productive angiogenesis, leading to the disassembling of mature blood vessels into non-conducting tip cells around Aß plaques (Alvarez-Vergara et al., 2021).
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FIGURE 2. Losing transportation engineers of the microvasculature. The blood-brain barrier (BBB) influences brain levels of Aβ by regulating its entry into the brain via the receptor for advanced glycation end products (RAGE)-dependent transport and by controlling its clearance. Aβ can also lead to a pronounced capillary constriction through ROS/RNS in pericytes leading to an oligemia (hit 1). In APOE4 high-risk people, secreted APOE4 activates the release of MMP9 in pericytes disrupting endothelial tight junctions with a more influx of Aβ. The net result of processes that are pronounced (+) or diminished (−) in Alzheimer’s disease reflects an increased Aβ burden in the brain, which can further induce pericyte death (detected by higher soluble PDGFR-β in the cerebral spinal fluid), leading to BBB disruption and possibly contributing to perivascular deposition of Aβ aided by the dysfunctional glymphatic system (dashed blue arrow) (hit 2). Furthermore, upregulation of leukocyte adhesion molecules on endothelium causes increased attachment of leukocytes in the lumen of pericyte-deficient blood vessels and more invasion of the brain parenchyma. The combined presence of Aβ and tau pathology in the cortex can suppress neuronal activity and lead to axonal degeneration (exacerbated by brain ischemia). Suppression of Aβ or tau pathology alone is not effective in the rescue process.


Cerebrovascular disease is a strong predictor of cognitive decline in elderly populations. A characteristic feature of most Alzheimer’s disease patients is the presence of amyloid deposits in cerebral arteries, a pathological condition known as cerebral amyloid angiopathy (CAA). CAA impairs BBB function, increasing the risk of cerebral ischemia, microbleeds, and infections, all of which contribute to cognitive decline. Apolipoprotein E4 (APOE4), one of three polymorphic alleles (ε2, ε3, and ε4) of the APOE gene, is the most potent genetic risk factor for CAA and sporadic Alzheimer’s disease (Serrano-Pozo et al., 2021). A recent study (Blanchard et al., 2020) hypothesized that upregulation of APOE4 in human pericytes underpins the pathogenic effects of APOE4 in CAA. In aged APOE4 knock-in mice expressing a humanized APOE4 allele (hereafter, APOE4 mice), cerebral vessel density is reduced and there is evidence of vascular atrophy. Even though the basement membrane normally thickens with age, the basement membrane of aged APOE4 mice is thinner than that of aged APOE2 or APOE3 mice, an observation that might be explained by pericyte expression of APOE4 and a decrease in collagen IV deposition. Also, the interaction of LRP1 (LDL receptor-related protein 1) with APOE is known to be reduced together with APOE4, further leading to a decrease in Aβ transport across the BBB (Henstridge et al., 2019).

The rate of cerebral spinal fluid turnover slows with healthy aging (Louveau et al., 2015). In aged mice, the glymphatic system is impaired due to loss of perivascular localization of the astrocytic endfoot water channel, AQP4, which is regulated at the transcriptional level by PDGFB signaling in the BBB (Munk et al., 2019). Sleep fragmentation, which is common with healthy aging, may disrupt perivascular movement, which is more active during slow-wave sleep (Nedergaard and Goldman, 2020). Reduced arterial compliance affects both vascular pulsations in the microvasculature (Seki et al., 2006; Kim et al., 2017) and glymphatic activity (Mestre et al., 2018) with otherwise healthy human aging. In addition, age-related decreases in the metabolic rate of brain cells or reductions in the number of brain cells reduce the production of metabolic free water as a result of pericyte-mediated chronic oligemia (Banks, 2016; Banks et al., 2021). Accordingly, pericyte failure might play a final common pathway to a broad range of neurodegenerative diseases.

There is thought to be a loss of pericytes with normal aging. As pericytes age, they lose contact with endothelial cells (Berthiaume et al., 2018). In mice, a 20% reduction in pericytes is sufficient to cause vascular damage without inducing neuronal damage (Nikolakopoulou et al., 2019). Pericytes are essential for BBB integrity, especially during times of acute cellular stress, and their absence causes severe changes in blood flow, including circulatory failure (Kisler et al., 2017; Henstridge et al., 2019; Banks et al., 2021). The soluble form of PDGFR shed by pericytes has been linked to BBB breakdown in humans, and levels of this protein in cerebral blood are associated with changes in cognitive status (Banks et al., 2021). Thus, BBB dysfunction may be caused by the age-related loss of pericytes. Pericytes can produce large quantities of APOE, various alleles of which influence cerebrovascular functions and determine the genetic risk for Alzheimer’s disease (Casey et al., 2015). In individuals with the APOE4 allele, who are at high risk for Alzheimer’s disease, secreted APOE4 activates the release of matrix metalloproteinase-9 (MMP9) in pericytes, disrupting the junctions between endothelial cells and increasing the influx of Aβ into the brain (Figure 2; Ishii and Iadecola, 2020). The mechanisms underlying the age-related loss of pericytes, particularly that caused by oxidative DNA damage, are poorly understood and warrant further investigation.

The formation of Aβ fibrils and pericyte coverage reduction at the BBB were shown to have a positive feedback relationship that can synergically exacerbate vascular and parenchymal Aβ accumulation (Schultz et al., 2018). So, what are the mechanisms regulating this interaction? Pericytes are important regulators of transport systems, both in endothelial cells and within pericytes (Kisler et al., 2017; Henstridge et al., 2019). Continuous removal of Aß from the brain is essential for preventing the neurotoxic consequences of their accumulation from affecting vascular resilience. On the other hand, Aβ entry in the form of a free plasma-derived peptide can be facilitated by RAGE (receptor for advanced glycation end-products) or transported by immune cells. On the luminal membrane, Aβ binding to RAGE was shown to enhance the production of endothelin-1 leading vasoconstriction (Deane et al., 2003). LRP1 mediates the efflux of unbound Aβ as well as Aβ bound to APOE2, APOE3, and/or α2-macroglobulin from the parenchyma into the blood with the help of the ABCB1 transporter; notably, APOE4 inhibits this transport process (Nelson et al., 2016a). Aβ bound to clusterin is also transported through the BBB by LRP2 (Nelson et al., 2017). Taken together, Aβ is eliminated from the brain through enzymatic degradation as well as by removal via the BBB and glymphatic function (Deane et al., 2009; Iliff et al., 2012; Louveau et al., 2015).

In Alzheimer’s disease, pericyte degeneration or loss, as well as LRP1 downregulation, are the most common mechanisms that compromise the BBB (Alcendor, 2020). APOE genotype was shown to correlate with CBF (Wierenga et al., 2013). APOE was also shown to play an intrinsic role in pericyte mobility and maintenance of cerebrovascular function through a RhoA protein-mediated pathway (Casey et al., 2015), the same mechanism was attributed to a slow contraction in thin-stranded pericyte (Hartmann et al., 2021). A transcriptional study showed that the gene ARHGAP42 encoding Rho GTPase activating protein-42 declines with age in both human and mouse BBB samples (He et al., 2016). This protein, which is abundant in pericytes, has been linked to blood pressure regulation, implying a role in vascular health. Rho GTPase signaling in pericytes has been shown to play critical roles in microvascular stabilization, maturation, and contractility (Kutcher et al., 2007).

In patients with Alzheimer’s disease and models of this disorder, the changes described above cause vessel regression, hypoperfusion, and Aβ accumulation resulting from the failure to clear Aβ via the BBB or through glymphatic function. Aβ has been shown to constrict pericytes through oxidative stress generation (Nortley et al., 2019). ROS generated in response to hypoperfusion and hypoxia mediated oxidative damage to the BBB, an effect that has been suggested to occur before neuronal degeneration and Aβ deposition in AD. Meox2± mice, heterozygous for the transcription factor, mesenchyme homeobox 2, a gene expressed by the cardiovascular system that plays a major role in vascular differentiation (Soto et al., 2016), were shown to have normal pericyte coverage but exhibited concomitant hypoperfusion comparable to that found in pericyte-deficient mice (i.e., 45–50% reductions in capillary density and resting CBF, respectively) (Bell et al., 2010). Pericytes were also shown to contribute to rapid and localized proteolytic degradation of the BBB during cerebral ischemia (Zlokovic, 2011; Ishii and Iadecola, 2020)—a mechanism that was shown to play a role in the enhanced leakage of Aβ from the circulation into the brain and cognitive decline early in the course of Alzheimer’s disease (Cunnane et al., 2020). A better understanding of the fundamentals of cerebrovascular resilience is likely to lead to new insights into neurovascular function as well as novel diagnostic and therapeutic strategies.



Do Pericytes Determine Stroke Outcome?

In stroke—the second leading cause of death worldwide—patients may experience paralysis, impaired speech, or vision due to acute ischemic events caused by thromboembolism, brain hemorrhages, and/or cardiac arrest (Moskowitz et al., 2010). Pericyte death affects several key aspects of vascular function, including capillary constriction, BBB function, and angiogenesis (Armulik et al., 2011). Several studies have shown that the “no-reflow” phenomenon that follows unblocking of the feeding artery after ischemic stroke causes a long-term reduction in cerebral blood flow (Vates et al., 2010; Cai et al., 2017). Pericytes are thought to play a significant role in this process. At the start of ischemia, inadequacies in blood and O2 delivery as well as mitochondrial dysfunction cause pericytes to constrict (Dalkara, 2019). One plausible explanation for this could be that, under hypoxic conditions, the absence of ATP needed to pump Ca2+ out of the cell leads to an increase in intracellular Ca2+ and activation of the contractile machinery, a condition that worsens during reperfusion after stroke (Hall et al., 2014). Alternatively, the sustained constricted state could reflect alterations in the release of vasoactive peptides (Gautam and Yao, 2018). Under ischemic conditions, when ATP levels are expected to be low, pericytes are vulnerable to damage. This raises the possibility that pericytes constrict capillaries at the start of a stroke and then remain in ‘rigor,’ causing the capillaries to remain too small to allow RBCs to pass through (Rustenhoven et al., 2017; Khennouf et al., 2018).

Since scavenging of superoxide and blocking nitric oxide (NO) production before reperfusion restores capillary patency, oxidative–nitrative stress has also been suggested as a cause of sustained pericyte constriction. Pericytes are very sensitive to the generation of ROS (Shah et al., 2013a). Another recent study showed that excessive ROS generation prevents endothelial cells from producing vasodilating mediators, resulting in the accumulation of opposing vasoconstricting peptides, which cause pericyte constriction (Rustenhoven et al., 2017). Computational modeling studies have shown that even minor changes in capillary constriction and tone following ischemia can increase the heterogeneity of capillary blood flow, reducing tissue oxygen extraction (Gonzales et al., 2020; Østergaard, 2020). As a result, even sparse or random pericyte constriction may contribute to the “no-reflow” phenomenon by not only reducing overall blood flow but also increasing the heterogeneity of capillary blood flow and oxygen extraction. The long-term effects of experimental ischemia on pericyte constriction and capillary blood flow may limit some of our current treatments for restoring perfusion, including rapid clot dissolution with tissue plasminogen activator (t-PA; Yemisci et al., 2009). This suggests that retaining normal pericyte function in conjunction with t-PA application could be worthwhile and that infusing antioxidants alongside t-PA could be a useful adjuvant therapy.

After some ischemic and hemorrhagic strokes or traumatic brain injury (Dreier, 2011), a wave of membrane potential depolarization can propagate across the brain, a phenomenon referred to as cortical spreading depression that leads to changes in dendritic and synaptic architecture, depression in electrical activity, and altered vascular responses. Various noxious stimuli have been used experimentally to initiate spreading depolarization, including potassium, glutamate, status epilepticus, hypoxia, hypoglycemia, and ischemia (Ghoshal and Claassen, 2017). Cortical spreading depression causes a change in the tone of resistance vessels, resulting in either transient hyperperfusion in healthy tissue or extreme hypoperfusion (spreading ischemia) in tissue at risk for progressive damage, both of which lead to lesion progression and infarction (inverse neurovascular coupling) (Dreier, 2011; Østergaard et al., 2015). In a study by Khennouf et al. (2018) characterizing the effects of physiological stimuli and cortical spreading depression on penetrating arterioles and capillaries, the authors hypothesized that impaired brain hyperemia after spreading depolarization contributes to prolonged cortical dysfunction in patients and that preventing pericyte constriction could reduce the long-lasting decrease in blood flow after spreading depolarization (Grubb et al., 2020; Figure 3). It was further shown that peri-infarct depolarizations are triggered by a transient mismatch in supply and demand in the ischemic brain (Sugimoto et al., 2020). Interestingly, a recent study (Bornstädt et al., 2015) proposed that minimizing sensory stimulation and hypoxic or hypotensive transients in stroke reduced the incidence of spreading depolarization and its adverse outcomes. Dissecting the role of pericytes in the differential effects of waves of spreading depolarization in the healthy versus ischemic brain warrants further investigation.
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FIGURE 3. Capillary flow patterns controlled by pericytes govern the efficacy of oxygen extraction fraction in healthy and ischemic brains. Capillary flow patterns (yellow arrows) govern the efficacy of OEF values. Intravascular colors indicate blood saturation (red, more oxygenated; darker blue, more deoxygenated). In the resting state, RBCs’ velocities vary among capillaries, with little oxygen being extracted from blood. With normal neuronal activity, an increase in blood flow shortens capillary transit times and hence increases CTH-related functional shunting of oxygenated blood. With a more pronounced neuronal activity in a healthy brain, the response of the normal brain to spreading depolarization is accompanied by an increase in blood flow and a short depression in electrical activity. Bottom, pericyte loss and/or neurovascular uncoupling state associated by hyperexcitable neurons in an ischemic brain, an elevated CTTH, and failure of capillary flow patterns to homogenize during hyperemia hinder the redistribution of blood across the capillary bed and a decrease in blood flow in the capillary network, while less affected capillary paths act as functional shunts for oxygenated blood. The accompanying reduction in net oxygen supply reduces tissue oxygen tension as cells continue to use oxygen, increasing blood-tissue concentration gradients and net oxygen extraction. The response of the ischemic brain with dysfunctional pericytes to spreading depolarization is accompanied by a decrease in cerebral blood flow (ischemia) and prolonged depression in electrical activity.




Role of Pericytes in COVID-19 Pathology and Recovery

To tackle the COVID-19 (Coronavirus Disease 2019) pandemic, research laboratories around the world have worked in overdrive to gain insights and develop treatments for the disease and its comorbidities. In brief, COVID-19 is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), a strain of the virus that targets cells expressing angiotensin-converting enzyme 2 (ACE2; Østergaard, 2021). The spike protein of SARS-CoV-2 binds to ACE2, causing internalization of the SARS-CoV-2–ACE2 complex by endocytosis (Robinson et al., 2020; Figure 4). In the human lung, ACE2 is highly expressed in alveolar epithelial type II cells (Zou et al., 2020), and infection of these cells by SARS-CoV-2 leads to influenza-like symptoms ranging from mild respiratory distress to pneumonia, severe lung injury, organ failure, and death. Capillary pericytes also express ACE2, making them likely targets for SARS-CoV-2 infection (Chen et al., 2020). Consistent with this, patients with severe COVID-19 have been shown to exhibit a significant loss of capillary pericytes, as well as signs of extensive capillary angiogenesis in the lung (Ackermann et al., 2020). Notwithstanding the apparent increase in capillary healing, the absence of pericytes suggests an incomplete reparative process (Robinson et al., 2020).
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FIGURE 4. CNS capillary pericytes are a major target for SARS COV-2. The receptor for SARS-CoV-2 is the enzyme ACE2 which converts the vasoconstricting angiotensin II into vasodilating angiotensin. 1. The Spike protein of SARS-CoV-2 binds to ACE2 to trigger its endocytosis. 2. The neuropathological aspects of COVID-19 in post-mortem brain tissues show extravascular deposition of blood-borne products, e.g., fibrinogen and immune cells denoting a dysfunctional BBB leading associated with pericyte detachment and perhaps a more pronounced pericyte loss can lead to higher degrees of fibrinogen influx into the perivascular space and parenchyma with a pronounced formation oxidative stress leading to microglial activation, brain inflammation, and neuronal death. We hypothesize that vascular resilience and pericyte function is central in the recovery process, maintenance of BBB, and long-term effects of COVID-19.


Although respiratory symptoms dominate the spectrum of COVID-19 clinical manifestations, clinicians have reported extensive damage to other organs, including the brain and heart, where ACE2 receptors are also expressed (Xu and Lazartigues, 2020). Recent studies on neuropathological aspects of COVID-19 in post-mortem brain tissues have described extravascular deposition of blood-borne products, such as fibrinogen and immune cells, indicative of a dysfunctional BBB (Solomon et al., 2020; Lou et al., 2021) and microglial activation (Bouayed and Bohn, 2021). Upon exposure to hypoxia and oxidative stress, brain pericytes may die in rigor, disrupting blood perfusion and possibly also decreasing the delivery of O2 and nutrients to the tissue. Accordingly, this could be one of the mechanisms underlying the “brain fog” phenomenon described in many COVID-19 patients (Østergaard, 2020; Chilazi et al., 2021). A very recent interesting work used pericyte-containing organoids as an experimental model for COVID-19 infection showing that these novel “assembloids” support astrocytic maturation and confirmed the notion that pericytes are “replication hubs” helping virus spreading into the neuropil (Wang et al., 2021).



Pericytes at the Crossroads of Neuroscience and Glioma Biology: From Mechanisms to Medicine

Glioblastoma multiforme (GBM), a type of malignant glioma, is a highly aggressive brain tumor that contains unique, self-renewing glioma stem cells (GSCs) with the ability to differentiate into vascular pericytes that support vessel function and tumor growth (Cheng et al., 2013). During GBM development, the highly vascularized tissue takes on an abnormal barrier appearance, resulting in the formation of a blood–tumor barrier (BTB; Arvanitis et al., 2020). The BTB exhibits a reduction in endothelial tight junctions and non-uniform pericyte vessel coverage, both of which compromise vascular integrity (Zhou et al., 2017; Deligne et al., 2020). GSCs lie within the perivascular hypoxic environment of tumors and are resistant to most medical interventions (Pietras et al., 2003). Because blood vessels in malignant brain tumors are leaky, dysfunctional, and immature, water and metabolic waste do not efficiently drain, leading to the buildup of interstitial and intracranial fluid pressure (Murayi and Chittiboina, 2016). Zhou et al. (2017) found that pericyte coverage is inversely related to the prognosis of glioblastoma patients treated with chemotherapy (Guerra et al., 2018), implying that targeting GSC-derived pericytes and the disrupted BTB may improve the delivery of chemotherapeutic agents.

Pericyte immunomodulation has been observed in a variety of conditions, including cancer (Turley et al., 2015; Liu et al., 2019). In brain pericytes activated by a gain-of-function mutation in PDGFR, the expression of immunoregulatory genes, including those involved in antigen presentation and interferon signaling, is increased (Turley et al., 2015). In a study of human malignant glioma—a brain tumor with extensive vascularization—researchers discovered a significant accumulation of pericytes in high-grade tumors that was negatively correlated with the presence of cytotoxic lymphocytes (Cheng et al., 2013; Valdor et al., 2019). These pericytes suppressed allogeneic and mitogen-activated T cell responses ex vivo by producing prostaglandin E2 (PGE2), transforming growth factor, and NO. Pericytes isolated from mouse melanoma and colon carcinoma models were shown to inhibit CD4+ T-cell proliferation, activation, and cytokine production. Furthermore, exposure to IL-6 enhanced pericyte immunoregulatory function, suggesting that tumor-derived factors may convert pericytes to a form that instructs the immune system in a manner beneficial to the tumor (Turley et al., 2015). Pericytes limit primary tumor cell intravasation through their stabilizing effects on vessels. When pericytes become depleted, the loosely assembled vessel wall is no longer an effective barrier against the dissemination of tumor cells; thus, a lack of pericytes around vessels has been linked to tumor metastasis (Xian et al., 2006). Notable in this context, a clinical trial of a PDGF-B blocker was halted because of excessive vascular leakage (Pietras et al., 2003; Hosaka et al., 2016; Liu et al., 2019). According to these studies, pericyte loss and the resulting prevention of vessel maturation can promote cancer, whereas other labs have reported that pericytes are co-opted by tumor cells at micro-metastatic sites through the release of angiogenic factors (Abramsson et al., 2003). Overall, more research into the benefits and risks of using PDGF blockade and pericyte-mediated control of the BTB could lead to new therapeutic interventions.



RETURN OF THE TRANSPORTATION ENGINEERS


Bench to Bedside: Microvascular Targets for Regenerative Medicine, Injection Therapies, and Deep Brain Stimulation in Neurodegenerative Disease

Protecting pericytes, and by extension, the BBB has been shown to halt, and in some cases reverse, the progression of many diseases. Inhibition of the MMP-9 pathway in pericytes was shown to maintain the cerebrovascular integrity required for normal neuronal function (Bell et al., 2012). Sleep also plays an integral role in maintaining the BBB and pericyte–capillary endothelial cell communication. Sleep deprivation increases the expression of low-grade inflammatory markers, including MMP-9, NF-κB, and the adenosine A2A receptor, and reduces expression of the markers of pericyte-endothelial cell interaction, PDGFR-β and connexin 43, leading to pericyte detachment and increase BBB permeability (Medina-Flores et al., 2020). Pharmacological inhibition of mitochondrial carbonic anhydrases (CAIs) has been shown to attenuate pericyte apoptosis and protect the BBB in the setting of diabetic-induced oxidative stress and pericyte loss (Shah et al., 2013b; Patrick et al., 2015), suggesting that CAIs can protect the BBB by reducing ROS generated by glucose metabolism, delaying age-related cerebral dysfunction. High glucose levels have been shown to cause pericyte apoptosis in vitro, an effect that was prevented by the antioxidant, ascorbic acid (May et al., 2014).

Pericytes, with their inherent actions on the microvasculature and multipotency, seem to act as ideal cells for microvascular regeneration (Corselli et al., 2010). Pericytes were shown to stimulate the host antioxidant system in a rodent model of Amyotrophic Lateral Sclerosis (Coatti et al., 2017). These results suggest that purified pericytes are ideal as an effective donor cell population for microvascular therapy and might also play a key role in restoring the antioxidative capacity of the tissue and preventing aging-related cognitive loss (Rustenhoven et al., 2017). Long-term exercise, caloric restriction, and inhibition of mTOR, the latter of which induces “vascular normalization” (Stoeltzing et al., 2006), might also help sustain pericyte function in aging mice (Van Skike and Galvan, 2018; Hadley et al., 2019). The re-introduction of pericytes through injection therapy following pericyte loss has been shown to improve BBB transport function and cerebral blood flow (Cathery et al., 2018). In one study, the right hemisphere of aged mice received an intracerebroventricular injection of pericytes derived from a mesenchymal stem cell (MSC) line. These cells were still alive 2 weeks later, and their pericyte properties were maintained, as evidenced by the facilitation of microcirculatory angiogenesis (Cheng et al., 2018). Pericytes can produce a number of growth factors. Advances in regenerative medicine and injection therapies will not only help with the re-introduction of pericytes but will also aid in replenishing these signaling molecules. In clinical trials, exogenously administered PDGF-BB was well tolerated in Parkinson’s disease patients (Paul et al., 2015). PDGF signaling is involved not only in the formation of blood vessels but also in their maintenance (Cheng et al., 2018). Glial cell line-derived neurotrophic factor (GDNF) released by pericytes was also shown to upregulate claudin-5 expression in endothelial cells, enhancing the barrier function. Pericyte-derived pleiotrophin (PTN), a secreted growth factor that is found at higher concentrations in pericytes, was shown to prevent neuronal loss and preserve blood flow. Taken together, these observations suggest that delivering PDGF-BB, PTN, and/or GDNF across the BBB could have therapeutic potential in the repair of an aging BBB (Cheng et al., 2018). Interestingly, Tachibana et al. (2018) reported that MSC-derived pericytes can reduce the Aβ burden in the brain, underscoring a promising cell-based therapeutic strategy against Alzheimer’s disease employing pericytes.

ROS signaling is critical for pericyte homeostasis in health and disease. The impact of ROS on the miRNA expression and the role of the ROS/miRNA feedback regulation can open new avenues for leveraging pericyte functions in health and disease. The cellular redox state is known to affect the sorting of miRNAs and can be manipulated to treat redox-associated disorders (for example, vasoconstriction in Alzheimer’s disease) (Nortley et al., 2019; Ruiz et al., 2021). Other applications of pericytes in regenerative medicine include facilitating wound healing and scar formation (Shechter and Schwartz, 2013). After a CNS injury, regeneration of lost tissue is limited, and the lesion is sealed with a scar. Using a spinal cord injury model, Frisén and colleagues (Göritz et al., 2011) showed that CNS damage caused a specific pericyte subtype to give rise to scar-forming stromal cells and further demonstrated that blocking this mechanism resulted in failure to seal the injured tissue. Pericytes and adventitial perivascular cells express MSC markers and display the capacity to differentiate. Importantly, adventitial cells can differentiate into pericyte-like cells (Crisan et al., 2012). Since adventitial cells are endowed with enhanced detoxifier and antioxidant systems (Iacobazzi et al., 2014), using purified perivascular adventitial cells instead of MSCs to reintroduce pericytes may bring greater benefits in regenerative medicine applications.

Deep brain stimulation (DBS), in which a surgically implanted device sends electrical signals to brain regions to modulate their activity, has been employed to treat multiple neurodegenerative diseases. In particular, DBS has been shown to improve microvascular integrity in the subthalamic nucleus in Parkinson’s disease (Pienaar et al., 2015). Endovascular delivery of current using electrode-bearing stents represents a potential alternative to conventional neurosurgical procedures (Shen, 2019), and multiple preclinical and clinical studies have shown that transcranial electrical stimulation has direct vascular effects (Zheng et al., 2011; Pulgar, 2015; Turner et al., 2021). These effects may influence neuronal activity, reversing the traditional view of the vasculature as secondary responders and instead of casting them as primary modulators and instructors of neuronal activity. However, further studies are warranted to elucidate the exact mechanisms underlying vascular responses to non-invasive electrical stimulation (Bahr-Hosseini and Bikson, 2021). Integration of previous approaches with the concept of pericytes as instructors of the CNS cellular communicome, i.e., “cellular communication factors including acute phase proteins, complement, cytokines, and chemokines” (Lucin and Wyss-Coray, 2009), should aid in the identification of interventions targeting early points in the course of neurodegenerative diseases.



Synthetic Engineering of Capillary Networks: New Frontiers in in vitro Organoid Systems

Bioengineered blood vessels can incorporate living cells after being implanted in the human body, becoming blood-carrying, self-healing tubes that function as substitutes for human blood vessels (Kirkton et al., 2019). Pericyte loss leads to a breakdown and reorganization of the capillary network (Bergers and Song, 2005), and we propose that a bioengineered organoid system can efficiently provide a means of jumpstarting the angiogenic, or vascular replacement process. In vitro cell culture assays are typically based on non-physiological 2D cell cultures, which cannot reflect the complex architecture and cell-cell interactions as well as the blood perfusion (Kirkton et al., 2019). Until recently, in vitro and ex vivo models shared one major limitation, the lack of vascularization or vasculature-like perfusion (Redd et al., 2019). The invention of physiologically relevant in vitro models capable of mimicking human biology is critical. Organ-Chip technology offers a 3D engineered microscale system that mimics the cellular microenvironment by recreating multicellular architectures, tissue-tissue interfaces, mechanical forces, biophysical microenvironments, and perfusion (Vatine et al., 2019). Interestingly, merging organoid and organ-on-a-chip technology to generate complex multi-layer tissue models (Achberger et al., 2019). A very recent study used pericyte-containing organoids as an experimental model for COVID-19 infection showing that these novel “assembloids” support astrocytic maturation and SARS-CoV-2 entry and replication (Wang et al., 2021).

Recently, several efforts have focused on developing the techniques to vascularize organoids ranging from endothelial cell and pericyte co-cultures, in vivo transplantation, to integrating biomechanical cues and/or inducible genetic circuits. However, perfusable vasculature within the organoid has only been achieved via in vivo transplantation. It has been agreeable that engineering organoids with functional vasculature can be induced only by incorporating multiple factors that can work in a synergetic manner with the most suitable organoid generation protocols (Zhang et al., 2021). Organoids have recently been used to investigate the development and pathology of various tissue types (Lim et al., 2021). 3D brain organoids comprise multiple cell types and exhibit a cortical laminar organization, cellular compartmentalization, and organ-like functions (Wörsdörfer et al., 2020). Brain organoids lacking a vasculature—a critical component of all organs—can develop hypoxia during culture, hindering the normal development of neurons (Shirure et al., 2021). Accordingly, some studies have sought to generate vascularized organoids. Mansour and colleagues (Mansour et al., 2018) recently reported an in vivo organoid model, showing that human cerebral organoids transplanted into an adult mouse brain form a vascularized and functional brain organoid. It has also been demonstrated that engrafting cerebral organoids into a lesioned mouse cortex enhances survival and induces robust vascularization compared with transplantation of neural progenitor cells (Shi et al., 2020). Taken together, these observations support the long-term goal of regenerative medicine to create in vitro biomimetic organoids with complete vascular systems that restore normal function, an effort that involves replacing, engineering, and regenerating human vascular tissues (Hofer and Lutolf, 2021).

Recent groundbreaking research suggested that pluripotent stem cells can be used to create self-organizing 3D human blood vessel organoids. Endothelial cells and pericytes in these human blood vessel organoids were shown to self-assemble into capillary networks surrounded by a basement membrane (Wimmer et al., 2019b). Human blood vessel organoids transplanted into mice were shown to form a stable, perfused vascular tree, with arteries, arterioles, and venules (Wimmer et al., 2019a). In contrast to “self-organizing” vascular organoids, the pre-patterning approach often starts with constructing hydrogel scaffolds, either by utilizing various 3D printing methods and are then populated with ECs to form functional vascular networks. It was further shown that exposure of blood vessel organoids to hyperglycemia and inflammatory cytokines induced thickening of the vascular basement membrane (Grebenyuk and Ranga, 2019), setting the stage for the use of these organoids as a reliable model for therapeutics and diagnostics. Leveraging the power of individual 3D bio-fabrication technologies, or combinations of different techniques, to create vascularized organoids for studying pericyte biology should help answer major questions in neuroscience and vascular biology (Zhao and Chappell, 2019; Zhang et al., 2021).



CONCLUSION

In this review, we have summarized the latest research on the important roles of pericytes in microvascular homeostasis, neuroinflammation, and neurodegeneration. In particular, we have highlighted the role of pericytes as ‘transportation engineers’ of the cerebral microvasculature, instructing and orchestrating (1) cerebral hemodynamics, (2) endothelial cell dynamics involved in blood vessel formation and maintenance, (3) immune cells and the perivascular microenvironment, and (4) stem cell niches and neurons. Pericytes in the brain and spinal cord are increasingly recognized as important mediators of neuroinflammation and regulators of barrier functions. They occupy a key perivascular niche and function as brain-wide signal integrators and instructors of the cellular communicome, making them critical regulators of the neurovascular unit. Understanding how pericytes contribute to brain inflammation, BBB dysfunction, and blood spinal cord barrier dysfunction can offer new insights into pharmacological strategies for treating a variety of neuroinflammatory disorders and injuries.
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