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Preface

This book’s is covering the novel aspects of pericyte biology in distinct pathophysi-
ological conditions. The continuous great interest in this topic is leading to exciting
research which brings new discoveries every year. The reading of this volume can
be combined with the revision of other three volumes that we published earlier:
“Pericyte Biology — Novel Concepts”; “Pericyte Biology in Different Organs”; and
“Pericyte Biology in Disease”.

This book “Pericyte Biology - Recent Advances” presents contributions by
expert researchers and clinicians in the multidisciplinary areas of medical and bio-
logical research. The chapters provide timely detailed overviews of recent advances
in the field. This book describes the major contributions of pericytes to different
organs biology in physiological and pathological conditions. Further insights into
the biology of pericytes will have important implications for our understanding of
organ development, homeostasis and disease. The authors focus on the modern
methodologies and the leading-edge concepts in the field of cell biology. In recent
years, remarkable progress has been made in the identification and characterization
of pericytes in several tissues using state-of-art techniques. These advantages facili-
tated identification of pericyte subpopulations and definition of the molecular basis
of pericytes role within different organs. Thus, the present book is an attempt to
describe the most recent developments in the area of pericyte behavior which is one
of the emergent hot topics in the field of molecular and cellular biology today. Here,
we present a selected collection of detailed chapters on what we know so far about
the pericytes. Eleven chapters written by experts in the field summarize the present
knowledge about novel roles of pericytes in different circumstances.

Andy Y. Shih and colleagues from University of Washington discuss in vivo opti-
cal imaging and manipulation of brain pericytes. Brad A. Sutherland from University
of Tasmania describes the complex and integral roles of pericytes within the neuro-
vascular unit in health and disease. Yoichi Morofujia and colleagues from Nagasaki
University compile our understanding of the role of pericytes in brain metastasis.
Donald J. Alcendor from Meharry Medical College updates us with what we know
about the effects of Cytomegalovirus on pericytes. Turgay Dalkara and colleagues
from Hacettepe University summarise current knowledge on pericytes in retinal
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ischemia. Yasufumi Kataoka and colleagues from Fukuoka University address the
importance of inflammatory mediators released by brain pericytes as sensors and
effectors in blood-brain barrier dysfunction. Alessandra Stasi and colleagues from
University of Foggia focus on TLR-4 signaling in pericytes. Jun-ichi Kawabe from
Asahikawa Medical University introduces our current knowledge about the roles of
EphA7+ multipotent pericytes. Marni D. Boppart and colleagues from University of
Illinois at Urbana-Champaign introduce what we know so far about skeletal muscle-
resident pericyte responses to conditions of use and disuse. Nikolaos G Frangogiannis
and colleagues from Albert Einstein College of Medicine talk about pericytes in
myocardial diseases. Finally, Paolo Madeddu and colleagues from University of
Bristol give an overview of adventitial and skeletal muscle pericytes in health and in
ischemic tissue regeneration.

It is hoped that the articles published in this book will become a source of refer-
ence and inspiration for future research ideas. I would like to express my deep grati-
tude to my wife Veranika Ushakova, and Dr. Gonzalo Cordova from Springer
Nature, who helped at every step of the execution of this project.

Belo Horiz, Minas Gerais, Brazil Alexander Birbrair
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Chapter 1 )
In Vivo Optical Imaging and Manipulation s
of Brain Pericytes

Andrée-Anne Berthiaume, Vanessa Coelho-Santos, David A. Hartmann,
and Andy Y. Shih

Abstract

Introduction

Pericyte serve myriad roles in the developing and adult brain, but many of their func-
tions remain poorly understood. In less than a decade, the advent of new tools and
approaches has revolutionized brain pericyte research by enabling direct visualization
of pericyte structure and function in the living mouse brain. In addition to accessing
pericytes in a physiological context, in vivo imaging has revealed fascinating new biol-
ogy on how distinct pericyte subtypes influence cerebral blood flow in both health and
disease. This chapter highlights novel approaches and provides up-to-date guidance
on pericyte research using two-photon microscopy and related optical applications.

Methods

We surveyed literature for studies that have imaged brain pericytes in vivo in order
to summarize their methodologies and approaches. Keywords included pericyte,
mural cell, cerebrovasculature, brain, capillary, blood-brain barrier, cerebral blood-
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flow, two-photon microscopy, cranial window, endothelium, cre recombinase, in
vivo imaging, microvasculature, calcium imaging, cell ablation.

Results

We discuss the identification of true capillary pericytes and set them apart from transi-
tional phenotypes in murine cerebral cortex. An array of available murine Cre drivers
and other approaches to target pericytes and brain mural cells are compared and con-
trasted. Surgical and experimental parameters to perform rigorous quantification of peri-
cyte influence on capillary flow and integrity are also discussed. Lastly, we move beyond
correlative observation to cutting-edge approaches for optical ablation and manipulation
of pericytes, concomitant with real-time imaging of cerebrovascular function.

Conclusion
The information provided can serve as a roadmap to rigorous in vivo imaging of
pericytes in the healthy and diseased brain.

1.1 Introduction

Deficiency in the function of small brain vessels is a common link between many
age-related brain diseases. A recent emergence of new tools and approaches has
allowed researchers to observe and modify cerebral blood vessels, as well as their
cellular components, in the living brain. In particular, pericytes have taken center
stage, and their role in maintaining a functional neurovascular unit is now in a deep
phase of exploration. Pericytes find their niche within the basement membrane of all
brain capillaries, and are characterized by their long filamentous processes stem-
ming from protruding ovoid cell bodies. Pericytes, along with vascular smooth
muscle cells, fall under the broad category of “mural cells,” which exhibit diverse
morphologies along cerebrovascular networks. The abundance of pericytes along
the walls of small cerebral vessels in the brain compared to the vascular beds of
other tissues suggests a critical contribution to cerebrovascular health and stability
(Armulik et al. 2005). Indeed, pericytes are integral to the formation of the blood-
brain barrier (BBB) (Blanchette and Daneman 2015; Daneman et al. 2010; Armulik
et al. 2010) and the stabilization of vascular structure and tone (von Tell et al. 2006;
Berthiaume et al. 2018a; Hellstrom et al. 2001), and may even play some roles in
immune function (Stark et al. 2018; Rustenhoven et al. 2017) and scar formation
following injury (Reeves et al. 2019; Zehendner et al. 2015). The congenital loss of
pericytes through genetic knockout is often prenatally lethal (Lindahl et al. 1997;
Lindblom et al. 2003), and decreased pericyte numbers has been reportedly involved
in aging and Alzheimer’s disease (Sengillo et al. 2013; Montagne et al. 2015;
Halliday et al. 2016; Miners et al. 2019). Loss of pericytes under these circum-
stances has been related to increased BBB permeability (Miners et al. 2019; Dore-
Dufty et al. 2000; Berthiaume et al. 2018b; Arango-Lievano et al. 2018).

Much of what we know about cerebrovascular pericytes has come from impor-
tant studies in primary pericyte cultures and brain slices (Kamouchi et al. 2004;
Mishra et al. 2014; Hall et al. 2014; Nakagawa et al. 2007; Peppiatt et al. 2006;
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Orlidge and D’ Amore 1987; Sato et al. 1990). These systems provide the benefit of
studying pericytes in relative isolation to determine their fundamental attributes and
functions. However, there are also clear limitations to an in vitro approach. Pericytes
function within the context of a complex neurovascular network. There are aspects
of the intact brain that cannot be replicated with in vitro systems, notably blood
flow, blood pressure, and network dynamics of the vascular beds that house peri-
cytes. Furthermore, evidence suggests that cultured pericytes may develop a gene
expression profile that differs dramatically from their in vivo counterparts, making
it difficult to relate in vitro findings to true pericyte physiology (Guimaraes-Camboa
etal. 2017). Accordingly, there has been a recent surge in the number of studies that
use in vivo imaging to study brain pericytes, particularly with respect to blood flow
regulation (Hall et al. 2014, 2015; Grutzendler and Nedergaard 2019; Hartmann
et al. 2020). This move to in vivo preparations was facilitated by the development of
several key techniques to target, visualize, and manipulate pericytes within the
intact mouse brain. This chapter will focus on methods to study pericyte in vivo,
including guidance on genetically engineered mouse lines, gaining optical access to
the live brain, and in vivo two-photon microscopy. In addition, we describe
approaches to identify different pericyte subtypes, and to properly characterize and
quantify aspects of these cells in their native environment.

Early studies that expressed bright fluorescent reporters in mural cells of the brain
revealed their remarkable morphological heterogeneity (Grant et al. 2017; Hartmann
et al. 2015) (Fig. 1.1a). These range from the circumferential smooth muscle cells on
arteries to the filamentous pericytes of the capillary network, with transitional cells
between these classic forms. Venules and veins are also covered by a mixture of stel-
late shaped mural cells that do not completely encircle the vessel. The function of
venous mural cells remains poorly defined, though their depletion can lead to distur-
bances in venous structure (Lai et al. 2015). All these cells occupy the abluminal
surface of the vessel wall, but each has distinct identities in respect to morphology,
topological organization, genetic expression, and physiology (Berthiaume et al.
2018a; Vanlandewijck et al. 2018). Given this diversity, there has been some confu-
sion as to what mural cell subtypes should be considered true “pericytes,” since mural
cell classification has not been consistent across research groups https://pubmed.ncbi.
nlm.nih.gov/26661200/. For this reason, care should be taken to properly identify and
report exact microvascular location and morphology when studying pericytes in vivo.

1.2 Identifying Brain Pericytes

The first challenge of in vivo brain pericyte imaging is knowing how to consistently
identify them. Several distinct mural cell morphologies appear as cortical penetrat-
ing arterioles branch into pre-capillary arterioles and then capillaries. In our work,
we categorize these mural cells based on their morphology, topological location,
and expression of contractile protein a-smooth muscle actin («-SMA) (Fig. 1.1a).
We refer to any mural cell type with a protruding ovoid cell body and elongated
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Fig. 1.1 Identifying mural cell subpopulations in the living mouse brain. (a) (Top) Relative
expression of contractile protein a-SMA across microvascular zones. (Bottom) Schematic of
mural cell morphologies residing on vessels of the mouse cerebral cortex. Colors represent distinct
mural cell subpopulations. Adapted from Berthiaume et al. 2018 (Berthiaume et al. 2018a). (b)
(Top) Inset from (a), showing a close-up of the vascular network forming the arteriole (red), pre-
capillary (yellow), and capillary zones (green). Numbers indicate branch orders from penetrating
arteriole, 0, where each bifurcation increases vascular branch order by 1. (Bottom) In vivo two-
photon images of the three major pericyte subtypes. From left to right, ensheathing pericytes of the
precapillary zone, mesh pericytes of the capillary zone, and thin-strand pericytes of the capillary
zone. Left image from PDGFRf-tdTomato mouse, center and right images from Myh11-tdTomato
mice. (¢) In vivo i.v. dye image (top) marked with branch order and colors corresponding to colors
in (b). Corresponding two-photon image of mural appearance (bottom), with labeled branch
orders. These images were from a Myh11-tdTomato mouse. (d) Immunohistological staining for
a-SMA using a FITC-conjugated antibody, showing sharp cutoffs in protein abundance.
Quantification of average branch order for a-SMA termini per offshoot from penetrating arterioles,
showing undetectable expression after fourth branch order. (Adapted from Grant et al. 2017 (Grant
et al. 2017))

morphological sub-classes of pericytes, which we refer to as ensheathing, mesh, and
thin-strand pericytes (Grant et al. 2017; Vanlandewijck et al. 2018; Grubb et al.
2020) (Fig. 1.1b).

Ensheathing pericytes are found primarily on pre-capillary arterioles of the
mouse cortex. Though the term “pre-capillary arteriole” is not universally used, we
have denoted this zone as the first few branch orders that diverge from the penetrat-
ing arteriole. Ensheathing pericytes fully cover the microvessel with tightly packed
processes running circumferential to the endothelial tube (Fig. 1.1c), suggesting
they are well equipped for vascular contraction and dilation (Grubb et al. 2020).
Their circumferential processes are reminiscent of vascular smooth muscle cells
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(SMCs) on upstream arteries, though they are set apart by their protruding cell bod-
ies and roughly two-fold greater length along the longitudinal capillary axis.
Ensheathing pericytes share genetic similarities with SMCs, most notably the high
expression of a-SMA (Vanlandewijck and Betsholtz 2018). In contrast, this contrac-
tile protein is low or absent in mesh and thin-strand pericytes downstream of the
pre-capillary arteriole, reflecting an important functional distinction between
ensheathing pericytes and other microvascular pericytes (Grant et al. 2017;
Vanlandewijck et al. 2018). While robust a-SMA expression is ideally used to iden-
tify ensheathing pericytes, its expression level is not easily ascertained in vivo with-
out ACTA2 reporter mice (Hill etal. 2015). However, they can be generally identified
based on their circumferential morphology and topological location (i.e. branch
order). Several groups have now shown that, in mouse cortex, a-SMA expression on
penetrating arteriole offshoots does not surpass the 4th branch order (Grant et al.
2017; Grubb et al. 2020; Wei et al. 2016)(Fig. 1.1d). Thus, examining microvessel
branches that are within the 4th order increases the likelihood of studying a region
occupied by ensheathing pericytes, but does not guarantee it. However, examining
beyond 4th branch order guarantees that one is within the capillary zone, occupied
by mesh or thin-strand pericytes.

As one goes distally from ensheathing pericyte territory, a-SMA expression
becomes low or absent and pericyte processes begin to lose their ring-like appear-
ance, instead taking on a complex mesh-like shape (Fig. 1.1c). These mesh peri-
cytes also have characteristic protruding cell bodies, but unlike ensheathing
pericytes, their processes do not completely cover the underlying endothelium.
Beyond the 4th and 5th order branches, pericyte processes with the classic thin-
strand morphology become prominent. Thin-strand pericytes are the most abundant
pericyte form, as they cover the majority of the capillary bed. These pericytes are
easily recognizable with several long, thin processes emerging from the soma,
which protrudes from the capillary wall like a “bump on a log.” We have grouped
mesh and thin-strand pericyte types together into the category “capillary pericytes”
because their morphologies are difficult to objectively distinguish. Capillary peri-
cytes form an extensive network along the brain microvasculature, where neighbor-
ing pericytes occupy non-overlapping territories (Berthiaume et al. 2018b). Each
cell therefore acts as a “link” in a chain of capillary pericytes distributed throughout
the capillary bed. These morphological features, as well as their topological loca-
tion within the cerebrovascular network (beyond 4th branch order), make capillary
pericytes identifiable with certainty using in vivo optical imaging.

1.3 Distinct Functions of Pericyte Subtypes

The morphological and topological heterogeneity of pericytes translates into func-
tional differences in vivo. Ensheathing pericytes and capillaries pericytes show dis-
tinct dynamics during neurovascular coupling, and in response to ischemic
pathology and small vessel disease. In the normal brain, ensheathing pericytes are
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first responders to local neural activity, resulting in rapid dilation of the pre-capillary
arteriole and influx of blood to the brain’s capillary bed (Hall et al. 2014; Cai et al.
2018; Rungta et al. 2018). This dilation outpaces even the dilation speed of upstream
SMC-covered arterioles, suggesting that ensheathing pericytes are critical sensors
to neural activity and a central locus for blood flow control. In contrast, capillary
dilations are absent or small in neurovascular coupling, and appear to be slower if
present (Hill et al. 2015; Rungta et al. 2018; Kisler et al. 2017). As expected, intra-
cellular calcium levels are strongly anti-correlated with diameter change in pre-
capillary arterioles, suggesting engagement in classic actomyosin contractile
machinery, but this relationship is less clear in capillary pericytes (Hill et al. 2015;
Rungta et al. 2018). This likely indicates that a separate, slower mechanism of con-
traction and tone generation exists in capillary pericytes (Hartmann et al. 2020).

The response of these two pericyte subtypes is also strikingly different during
brain ischemia. Capillary pericytes are particularly vulnerable to blood flow loss,
dying from necrosis within tens of minutes to hours (Hall et al. 2014), undergoing
pathological contraction (Yemisci et al. 2009), and producing matrix-
metalloproteinase activity, which leaves breaches in the BBB (Underly et al. 2017).
In contrast, ensheathing pericytes are more resilient, but still undergo a sustained
pathological contraction at the pre-capillary-capillary interface, which impedes
flow to the capillary bed even after successful re-cannulation of the occluded artery
(Hill et al. 2015). There is also emerging evidence that pericyte subtypes behave
differently during chronic pathologies, such as small vessel disease. In a mouse
model carrying a mutation in collagen 4 (Col4) relevant to human small vessel dis-
ease, spontaneous hemorrhagic stroke occurs in deep brain regions. Interestingly,
ensheathing pericytes (referred to as transitional pericytes in this study) proliferate
and heighten their expression of contractile proteins in Col4 mutant mice (Ratelade
et al. 2020), which does not occur with capillary pericytes or arteriolar SMCs. This
is thought to produce hyper-contractility, specifically at the transitional precapillary
zone, leading to buildup of intravascular pressure and rupture of upstream arterioles.

Even within the capillary zone, there may be further division of pericyte sub-
types to be made, but this remains an open area of research. Under conditions of
brain injury, some pericyte populations respond differently than others. For exam-
ple, NG2-positive capillary pericytes can be either nestin-negative (Type 1) or
nestin-positive (Type 2) under basal conditions. Following brain injury, Type 1 peri-
cytes proliferate around the injury site and contribute to scar tissue, unlike Type 2
pericytes (Birbrair et al. 2014a). Type 1 pericytes differ from NG2-positive oligo-
dendrocyte precursor cells, and from PDGFRp-positive cells that might be perivas-
cular or meningeal fibroblasts, confirming a distinct pericyte type. Further, when
Type 1 or Type 2 pericytes are injected into brain tumor masses in vivo, Type 2
pericytes are preferentially recruited into the tumor and promote angiogenesis over
a 5-week period (Birbrair et al. 2014b). In contrast, Type 1 pericytes do not have this
effect, instead decreasing in number over the same time frame. Thus, there is mount-
ing evidence that pericytes are heterogeneous in both the normal and diseased brain.
Referring to all pericytes simply as “pericytes” is now insufficient, as there are
subdivisions that require further delineation.
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1.4 Targeting Brain Pericytes for In Vivo Imaging

1.4.1 Cre/Lox System for Genetic Targeting of Pericytes

The Cre/lox system is an effective way to achieve a stable fluorescent labeling of
brain mural cells, when bred with Cre-dependent fluorescent reporter mice (Madisen
et al. 2010). There are several Cre-driver options, each with advantages and disad-
vantages. The optimal choice of Cre-lox pairing will vary depending on the experi-
mental requirements (Fig. 1.2b).

1.4.2 PDGFRp-Cre

For constitutive labeling of all mural cells in brain vasculature, the PDGFRf-Cre
mouse line is a reliable and convenient line (Cuttler et al. 2011) (Fig. 1.2h, i). When
these mice are crossed with fluorescent reporters (e.g. Ail4 for tdTomato), mural
cell labeling is bright and contiguous throughout the cerebrovasculature, illuminat-
ing the entire spectrum of mural cells. Comparing overlap of tdTomato expression
with CD13 immunolabeling, an established marker of pericytes, we find that 99%
of CD13-positive pericytes are labeled in these mice (Hartmann et al. 2015; Damisah
et al. 2017). PDGFRp-Cre mice are thus very useful for studying the capillary peri-
cyte network as a whole, as well as the interactions between adjacent mural cells
under basal conditions and with pericyte manipulation. The PDGFRf-Cre line is not
appropriate for lineage tracing studies, however, because Cre is constitutively active
and PDGFR expression occurs in non-mural cell types during early development
(Guimaraes-Camboa et al. 2017).

PDGFR-Cre mice provide highly specific labeling for mural cells, but there is
some off-target labeling. Indeed, recent transcriptomic studies have discovered
PDGFR-expressing fibroblasts that occupy a perivascular location similar to that
of mural cells (Vanlandewijck et al. 2018). Perivascular fibroblasts appear mainly
on larger vessels, which could allow them to be confused with arteriolar mural cells
or ensheathing pericytes. Another consideration in using the PDGFRp-Cre line for
in vivo imaging is the high expression of PDGFRp in meningeal fibroblasts, which
seem to increase in abundance following craniotomy, likely indicating a role of
these cells in the fibrotic response to invasive surgery. The dense labeling of the
meninges can sometimes make it difficult to obtain clean images of mural cells in
pial vessels and pericytes of superficial capillaries. Furthermore, caution should be
taken if one wishes to breed PDGFRf-Cre mice to homozygosity because the loca-
tion of the gene insertion is unclear.
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Fig. 1.2 Targeting brain pericytes for in vivo optical imaging. (a) The NG2-DsRed mouse endog-
enously expresses DsRed under the NG2 promoter independent of Cre recombination. (b) Outline
of commonly used Cre/lox breeding schemes for brain pericyte research. (¢) Constitutive labeling
of capillary pericytes (arrowhead) in the NG2-DsRed mouse, with off-target labeling of oligoden-
drocyte precursor cells (OPCs)(arrows). Pericyte processes are difficult to visualize in this line. (d)
Constitutive labeling of mural cells (arrowhead) in NG2-Cre::Ail4 mouse. Developmental off-
target labeling of OPCs and astrocyte progenitors results in high background fluorescence. (e)
Tamoxifen-inducible NG2-CreER::Ail4. OPC labeling persists (arrows), but can be spatially dis-
tinguished from mural cells (arrowhead). Pericyte processes are more easily visualized with tdTo-
mato. (f) Sparse labeling of mural cells with tamoxifen-inducible Myh11-CreERT2::Ail4. Notice
extensive arterial smooth muscle cell labeling relative to capillary pericyte and venular mural cell
labeling. (g) Tamoxifen-inducible sparse labeling of pericytes and other mural cells with Tbx18-
CreERT2::Ail4. (h) Constitutive mural cell reporter expression in Pdgfrb-Cre::Ai3 mouse.
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1.4.3 NG2-Cre, NG2-CreER, and NG2-DsRed

Another widely used promotor to target brain mural cells pericytes is the Cspg4
promoter, which encodes the NG2 protein. This driver has the advantage of not
labeling meningeal or perivascular fibroblasts as strongly as PDGFRf-Cre
(Vanlandewijck et al. 2018). However, along with smooth muscle cells and peri-
cytes, several other cells are NG2-positive in development, notably astrocytes and
oligodendrocyte precursor cells (OPCs) (Zhu et al. 2008) (Fig. 1.1d). However, it is
possible to visually distinguish astrocytes and OPCs in the adult brain. In mice with
constitutive Cre expression under the Cspg4 promoter (NG2-Cre), most mural cells
are labeled. That being said, the background parenchymal fluorescence from neu-
rons and OPCs may be too dense for some applications, such as those seeking to
study pericyte morphology. However, one unexpected advantage found when cross-
ing these mice with mice expressing a genetically-encoded calcium indicator was
ectopic transgene expression by neurons, providing a convenient way to examine
both neuronal and mural cell activity in unison during neurovascular coupling (Hill
et al. 2015).

An NG2-CreER driver is available for tamoxifen-inducible labeling of brain
mural cells (Huang et al. 2014). By administering tamoxifen at post-developmental
timepoint, the problem of astrocyte progenitor labeling is reduced. OPC expression
of NG2 occurs throughout the lifetime, so this off-target labeling remains even with
the inducible form of the driver (Fig. 1.1e). Interestingly, a recent study showed
strong correlation between OPC calcium transients and neuronal activity, again pro-
viding a convenient tool for perform neurovascular coupling, where the timing of
local neural activity is crucial to measure (Rungta et al. 2018). As with all tamoxifen-
inducible labeling schemes, the sparseness of fluorescent cells is titratable based on
tamoxifen dose administered. With minimal tamoxifen (i.e. one i.p. injection of
100 mg/kg), extremely sparse labeling of mural cells can be achieved. This strategy
allows for the morphologies of individual pericytes to be discerned (Grant et al.
2017). It also allows single mural cells to be tracked over time in vivo (Berthiaume
et al. 2018b).

A related NG2 mouse line, the NG2-DsRed line, has contributed greatly to the in
vivo study of brain pericytes (Zhu et al. 2008). They have been used widely for both
in vivo and ex vivo imaging studies on blood flow control (Mishra et al. 2014; Hall
et al. 2014; Grubb et al. 2020; Cai et al. 2018). In these BAC transgenic mice,

Fig. 1.2 (continued) (i) Membrane-localized tdTomato in all cell membranes and membrane-
localized eGFP in capillary pericytes with the Pdgfrb-Cre::mT/mG mouse. No i.v. dye is present
in mT/mG images. (J) High resolution image from Pdgfrb-Cre::mT/mG mouse, showing the gap
between two adjacent pericyte processes (green), near a faintly visible endothelial cell body
(arrowhead). Note how the mGFP label reveals thin sheet-like outcroppings of pericyte processes
that are less visible with cytosolic fluorescent proteins (arrows). (k) Images from a Pdgfrb-
Cre::Ail4 animal, 5 hours after cortical application of the capillary pericyte-specific dye,
NeuroTrace 500/525
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DsRed protein expression is driven directly by the Cspg4 promoter, eliminating the
need for Cre recombination and increasing the convenience of their use. Mural cells
are visible by in vivo two-photon microscopy, and pericyte cell bodies can be easily
visualized (Fig. 1.2c). However, the DsRed protein appears insufficiently bright to
consistently visualize the fine processes of pericytes, compared to bigenic Cre-
reporter mice expressing tdTomato. As with NG2-Cre mice, oligodendrocyte pre-
cursors are also labeled in NG2-DsRed mice.

1.4.4 Tbx18-CreERT2

The tamoxifen-inducible Tbx 18-CreERT2 mouse line is an excellent tool for sparse-
labeling of both smooth muscle cells and pericytes. This mouse line has been suc-
cessfully utilized for lineage-tracing studies of pericytes in the adult brain. For
example, one recent study used the mouse line to show that pericytes of the adult
brain do not transdifferentiate into other cell types during brain injury (Guimaraes-
Camboa et al. 2017). The tbx18 gene may be highly expressed in certain fibroblast
populations, according to the RNA sequencing databank created by the Betsholtz
group (http://betsholtzlab.org/VascularSingleCells/database.html), so any cell under
study must be positively identified as pericytes through detailed morphological
analysis. This also leads to fluorescence expression in some meningeal and perivas-
cular fibroblast populations, though the labeling is not as dense as with the PDGFR3-
Cre mice. Unlike the NG2-CreER inducible labeling system, no parenchymal cells
appear to be consistently labeled under this Cre driver. This makes the Tbx18-
CreERT2 mouse line a relatively “clean” way to sparsely label pericytes for in vivo
imaging (Fig. 1.2g).

1.4.5 Mpyhll-CreERT2

Another inducible mouse Cre line that has been used for brain pericyte labeling is
Myh11-CreERT2 (Wirth et al. 2008). This promoter is not expressed in any non-
mural cell type in the brain, including fibroblasts, and therefore leads to a highly
specific mural cell label with no meningeal labeling. However, there is considerably
greater expression levels of the myhl1 promoter in mural cells of arterioles and pre-
capillary arterioles compared to capillary pericytes (Betsholtz single cell RNA tran-
scriptome database (Vanlandewijck et al. 2018)). This leads to the strong preferential
labeling of mural cells on arterioles with low doses of tamoxifen (Fig. 1.2f). With
added doses of tamoxifen, capillary pericytes will also begin expressing the desig-
nated reporter. Sparse labeling of capillary pericytes is easily achievable through
this method, but the sparse labeling of smooth muscle cells or ensheathing pericytes
of pre-capillary arterioles is unlikely due to more complete labeling of these cell
types. A disadvantage of the Myh11-CreERT2 mouse line is that the BAC transgene
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carrying Cre recombinase is inserted within the Y chromosome, which limits
reporter expression to only male progeny of crosses. This makes it impossible to run
a study with a balanced number of male and female mice if using only this mouse
line, which can be a problem when considering sex as a biological variable. Newer
versions of the Myh11-CreERT2 line have managed to create a female mouse line
to address this limitation, though it has not yet been utilized in brain pericyte
research (Liao et al. 2017). In our hands, using the original Y-linked Myhl1-
CreERT2 mouse line, we have detected some leakiness of Cre activity in the absence
of tamoxifen. Constitutive expression is seen specifically in brain smooth muscle
cells and ensheathing pericytes when breeding with homozygous Ail4 reporter ani-
mals (unpublished observation). This “leaky” Cre is not an issue if the mice are used
for cell visualization, but would be problematic if the goal is to modify gene expres-
sion in mural cells of the brain in an inducible manner.

1.4.6 Pericyte-CreER

A Cre-driver to specifically target capillary pericytes, while excluding a-SMA posi-
tive mural cells, is critical considering the distinct physiological roles of mural cell
classes. Recently, a capillary pericyte-specific Cre line was generated by using a
combinatorial strategy that requires target cells to express both Cspg4 and Pdgfrb
(Nikolakopoulou et al. 2019). While both genes are expressed by smooth muscle
cells and ensheathing pericytes, they are expressed at relatively lower levels than in
capillary pericytes, reducing probability of Cre expression in a-SMA positive cells.
When paired with a fluorescent reporter, this pericyte-CreER line labels capillary
pericytes of the brain with remarkable specificity in a tamoxifen-inducible manner.
The mural cells of pial/penetrating arterioles, and even pre-capillary arterioles are
excluded from expression. As a newly developed mouse line, more characterization
will be required from independent groups to fully test the functionality of the line
under varying circumstances. In particular, whether pericyte-CreER also excludes
mural cells of the veins and venules remains to be seen, as these mural cells express
both Cspg4 and Pdgfrb at levels similar to capillary pericytes (Betsholtz single cell
RNA transcriptome database (Vanlandewijck et al. 2018)). One application of the
pericyte-CreER mouse using a diphtheria toxin strategy to cause mass deletion of
brain capillary pericytes has already been implemented, confirming its functionality
(Nikolakopoulou et al. 2019; Kisler et al. 2020).

1.4.7 Fluorescent Reporters and Actuators

The most common fluorescent reporters paired with the aforementioned Cre drivers
are Ail4 (tdTomato) and Ai3 (eYFP), which are both incorporated into the Rosa26
locus and lead to high expression of their respective fluorescent proteins (Madisen
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et al. 2010). TdTomato generally performs better than YFP for in vivo two-photon
microscopy, partially because red light is less easily scattered than yellow/green.
However, the Ai3 YFP reporter can be strategically utilized when mice already have
a red fluorescent label. Additional reporters can also be paired with any of the dis-
cussed Cre drivers to create useful phenotypes. For instance, the mT/mG reporter
(Muzumdar et al. 2007) constitutively labels all cellular membranes with membrane-
associated tdTomato. With the action of Cre, however, the targeted cell type will
switch to expression of a membrane bound eGFP fluorophore. This phenotype is
especially useful in cerebrovascular biology, as eGFP-expressing pericytes and
tdTomato-expressing capillary endothelial cells can be visualized concurrently
(Fig. 1.2i). The endothelial labeling appears bright relative to other parenchymal
cells. Endothelial cell somata can also visualized, though with occasional difficultly
due to the diffuse tdTomato expression from the brain parenchyma, (Fig. 1.2j). It is
also worth noting that fine sheathes of capillary pericyte processes, beyond thin
strands, can be resolved with mGFP labeling compared to cytosolic dyes such as
tdTomato. Another useful reporter is Ai95, encoding the GCaMP6f protein (Madisen
et al. 2010). This reporter has been successfully utilized to study pericyte fast cal-
cium transients in the living mouse brain (Rungta et al. 2018). The Ai96 reporter
(GCaMP6s) is also available to detect slow calcium transients in cells (Madisen
et al. 2010), though this reporter line has not yet been directly used in a pericyte
study. Looking ahead, an extensive array of next-generation fluorescent reporters
have been under development in recent years using the permissive TIGRE locus
(Daigle et al. 2018). These reporters generate even higher protein expression than
the previous set of Rosa26 locus reporters. Finally, Ai32 mice expressing the origi-
nal variant of ChR2-YFP have been crossbred with mural cell specific Cre drivers.
These reporters have been used to query the contractile dynamics of smooth muscle
cells and pericyte in vivo during two-photon imaging (Hill et al. 2015).

1.4.8 Viral Targeting of Brain Pericytes

Viruses are a valuable tool to target cells in vivo. They can be introduced at any time
in the lifespan of the mouse, and into any brain region. Genetically engineered viral
vectors can lead to high levels of ectopic gene expression while maintaining user
safety, as any pathogenic genes of the virus are absent (Wang et al. 2018; Davidson
and Breakefield 2003). Several parameters ultimately dictate the level of viral
expression, including the volume, titer and penetration of the virus into the brain
tissue, the efficiency of its uptake by the targeted cell type, and the activity of its
promoter (Packer et al. 2013; Stoica et al. 2013; Lowery and Majewska 2010). The
exclusivity of viral uptake to certain cell types is often problematic. Viruses target-
ing brain pericytes are not exempt from these challenges.

For use with in vivo optical imaging, one virus has been demonstrated to target
brain mural cells. This virus is the adeno-associated virus 2/5 (AAV2/5) serotype
carrying a Pdgfrb promoter for the expression of the GCaMP6s calcium indicator in
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vascular mural cells (Khennouf et al. 2018). The virus was microinjected near the
somatosensory cortex region of mice. Its specificity was not limited to only mural
cells, but also revealed punctate GCaMP6s expression throughout the parenchyma
of the injection area with unclear specificity. However, positive expression in peri-
cytes could be confirmed using a pericyte-labeling Cre mouse line in conjunction
with the virus. This approach will undoubtedly prove useful as it alleviates a signifi-
cant bottleneck in the genetic modification of pericytes in vivo for future mechanis-
tic studies. However, specificity for capillary pericytes still needs to be improved.
Other studies have also targeted brain pericytes using a viral approach, though none
for in vivo optical imaging use. One group selectively manipulated pericytes with a
virally expressed shRNA to silence Ephrin-B2 signaling in pericytes, by creating a
AAV viral construct with the NG2 promoter (Coucha et al. 2019).

1.4.9 1In vivo Dye Labeling of Brain Pericytes

Thus far, the methods discussed for targeting brain pericytes in vivo have relied on
genetic approaches. Furthermore, most of these methods are unable to disentangle
between capillary pericytes and other populations of mural cells, with the exception
of the new pericyte-Cre driver. The use of a specialized dye is an excellent method
to temporarily label capillary pericytes for in vivo imaging. Recently, Damisah and
colleagues demonstrated that the green fluorescent Nissl dye NeuroTrace 500/525
labeled capillary pericytes with high specificity (Damisah et al. 2017). The prefer-
ential uptake of NeuroTrace 500/525 into capillary pericytes requires topical appli-
cation or intracortical microinjection of the dye into the living mouse brain.
Remarkably, only mesh and thin-strand pericytes seem to be labeled by this dye,
and mural cells of both pre-capillary arterioles and penetrating arterioles, as well as
downstream venules, appear to be excluded. The dye labeling appears several hours
after its application, and remains for up to 3 days after. With topical application, dye
penetration reaches at most 400 micrometers in cortical depth. Capillary pericytes
that internalize the dye exhibit robustly labeled cell bodies and punctate labeling of
their processes (Fig. 1.2k). The molecular transporters responsible for selective
NeuroTrace 500/525 uptake in capillary pericytes remains unknown.

1.5 Visualization of Brain Pericytes In Vivo

1.5.1 Cranial Windows for in vivo Multi-Photon Imaging

To gain optical access into the living mouse brain, a cranial window must be
implanted in the skull (Fig. 1.3). These windows can be created in adult animals,
ranging from approximately 2 to 24+ months, with an increase in bone thickness,
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Fig. 1.3 Cranial windows for optical imaging. (a) Schematic of a mouse with implanted cranial
window and metal flange for head fixation. (b) Acute cranial window design, with a layer of aga-
rose separating the coverglass from the cortical surface. (¢) Thinned-skull window, with cyanoac-
rylate glue to stabilize and bind the coverglass to the thin remaining layer of skull. (d) Chronic
cranial window schematic, featuring a double coverglass “plug” to impede bone regrowth over time

brittleness, and porosity (and thereby, surgical difficulty) with increased age. The
choice of cranial window depends largely on the goals and timeline of the experi-
ment. For example, some studies require long-term access with high imaging qual-
ity. Other studies require minimal perturbation of the intracranial environment. With
each cranial window there are advantageous and disadvantages that should be care-
fully weighed during the development of the study.

1.5.2 Acute Cranial Window

For short experiments that require only a single imaging timepoint, an acute cranial
window can be generated. This involves the removal of a circular piece of skull
(diameter ~ 3—4 mm) over the desired location of mouse cortex. In experiments
where cortical location is not critical, windows can most easily be placed over the
mouse somatosensory cortex, which lies well within the bounds of the bregma and
lambda sutures. The acute cranial window preparation involves the addition of a
layer of transparent agarose to provide a buffer between an overlying cover glass
and the brain (Shih et al. 2012a) (Fig. 1.3b). The edges of the cover glass are then
sealed into place with dental cement. The agarose limits brain swelling and reduces
motion artifacts caused by distension of the brain during breathing or heartbeat.
Acute windows are best used within ~4 hours after implantation, as the window
quality tends to decline over time, likely due to increasing inflammatory responses.
An advantage of the acute window is that skull removal allows for the application
of compounds directly to the brain before closing the window. This can be done by
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dissolving compounds into the agarose that sits atop the pial surface, or by leaving
an edge of the window unsealed such that dyes or drugs can be injected with a
micropipette. In more sophisticated preparations, cannulas for continuous inflow
and outflow of fluid can be created as part of the implantation (Nishimura et al.
2010). The full craniotomy also allows optimal imaging depth and resolution since
light scattering by the bone is minimized. A disadvantage of the acute cranial win-
dow is that the surgical process is invasive and disruption of the brain could affect
the physiological processes being studied.

1.5.3 Thinned-Skull Window

A cranial window type which allows for reasonable optical penetration with reduced
impact on the brain environment is the thinned-skull window (Xu et al. 2007), or the
similar PORTS window (Shih et al. 2012b) that allows for longer term imaging
through the thinned-skull. As the name implies, this style of cranial window does
not breach the skull, instead leaving a thin layer of bone between the brain and the
glass coverslip (Fig. 1.3c). The skull is thinned to a thickness of ~20 pm using a
sharp scalpel blade (acute) or very stable hand-held drill (chronic), such as the
Osada, EXL-M40. The amount of thinning required to achieve a ~ 20 pm thickness
can be fine-tuned over separate surgeries followed by measurement of bone thick-
ness using second harmonic signal generation (blue fluorescence) during two-
photon imaging (Drew et al. 2010). In acute uses of this window, application of
artificial cerebral spinal fluid to the thinned skull surface will reduce light scattering
by the bone (Yang et al. 2010). Acute thinned-skull windows are kept small in part
to reduce motion artifacts, which can still occur with distention of the thinned bone.
For long-term imaging, the scalp is sutured between imaging sessions and re-opened
on subsequent imaging sessions. The skull may regrow during extended intervals
and must then be re-thinned for imaging. In a chronic PoRTs version of the thinned-
skull window, a layer of cyanoacrylate glue is placed between the bone and cover
glass (Shih et al. 2012b). The glue, which has a similar optical index as bone and
glass, helps to reduce light scattering for improved light penetration. A second ben-
efit is that the hardened glue preserves optical clarity for longer term imaging,
removing the need to re-thin the window. It further adds rigidity to the thinned skull
allowing creation of larger windows. In applications seeking to understand micro-
vascular changes across brain regions, entire hemispheres of the skull have been
thinned for meso-scale two-photon imaging (Mateo et al. 2017). Thinned skull win-
dows reduce disruption to the underlying brain tissue, though recent studies have
shown that brain temperature decreases similarly in thinned-skull and craniotomies
for several days post-op (Roche et al. 2019). The maximal depth of imaging achieved
through thinned skull windows is approximately 300 pm from the pial surface.
Under optimal conditions, thinned-skull windows can be imaged for over a month
(Drew et al. 2010), though quality is typically best within the first 7 days after
implantation. Loss of imaging quality is usually attributed to new skull growth,
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which occurs gradually and prevents light penetration. Thinned-skull windows are
ideal for experiments where any surgically-induced inflammation or brain swelling
would compromise the validity of the study. Thinned skull windows are more dif-
ficult to create in older animals (9+ months) due to their more brittle and porous
skulls. However, with greater care during surgery, studies can still be performed in
aged mice using this approach (Watson et al. 2020; Hyacinth et al. 2019).

1.5.4 Chronic Cranial Window

For long-term experiments over weeks to months requiring optimal imaging resolu-
tion, chronic cranial windows are the preparation of choice. Chronic windows are
allowed to fully heal for 2—-3 weeks between the time of surgery and start of imag-
ing, at which point glial reactivity returns to near baseline levels (Holtmaat et al.
2009; Goldey et al. 2014). While earlier versions of this window used only a single
layer of glass, recent studies have implemented a double glass coverslip “plug” that
helps to reduce bone regrowth from the edges of the window (Berthiaume et al.
2018b; Goldey et al. 2014) (Fig. 1.3d). These are made by gluing a small circular
coverglass (3 mm diameter) onto a larger circular coverglass (4 mm) with optical
glue. This plug is then placed into a circular craniotomy that just fits the smaller
coverslip, leaving the edges of the larger coverslip to sit atop the skull surface. This
plug is then sealed into place with dental cement. For studies requiring a wider
visual field, a 4 mm diameter window can also be created by combining a 4 mm and
5 mm round coverglass as the plug. The intracortical injection of a virus pairs well
with the creation of a chronic cranial window. The virus can be micro-injected
directly into the brain before the glass plug is inserted, and the 2-3 week surgical
recovery period can simultaneously provide necessary viral incubation time. This
also guarantees that the virally transduced region is within the cranial window. A
chronic cranial window with an adjacent access port for the administration of
desired compounds can also be created, thereby combining the major benefits of
both a chronic and acute cranial window into one preparation (Roome and Kuhn
2014). This allows for longitudinal imaging sessions interleaved with cortical drug
applications or intracortical injections to study the long-term effects of various
pharmacological interventions. Chronic cranial windows can generally be imaged
for many months, though this varies depending on initial quality of surgery
(Holtmaat et al. 2009).

1.5.5 Anesthesia during Surgery and Imaging

The method of surgical anesthesia should be chosen based on cranial window type.
For chronic cranial windows, fentanyl anesthesia is a good choice. Dexamethasone
(4.8 mg/kg, s.c.) is typically administered 4 hours prior to surgery to minimize
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inflammation and edema (Goldey et al. 2014). Then a cocktail composed of fentanyl
citrate (0.05 mg/kg), midazolam (5 mg/kg), dexmedetomidine (0.25 mg/kg) is
delivered intraperitoneally. Both dexamethasone and the fentanyl cocktail help to
reduce brain swelling upon removal of the skull, which can otherwise lead to com-
pression of the cortex when the cover glass is overlaid. Following surgery, animals
require the administration of a “wake-up cocktail” consisting of buprenorphine
(0.1 mg/kg), flumazenil (0.5 mg/kg), antisedan (2.5 mg/kg), meloxicam (5 mg/kg),
lactated Ringer’s solution (1-2 ml/25 g mouse). After a 2-3 week period of recovery
mice can be imaged in the anesthetized state, or awake state if properly habituated
to head fixation. For acute cranial windows, imaging immediately follows surgery,
and the choice of anesthetic depends upon the goal of the experiment. If stable
structural features of the brain will be examined, such as pericyte or microvascular
structure, it is be convenient to use isoflurane anesthesia throughout both surgery
and subsequent imaging phase. Surgery would require a higher isoflurane concen-
tration (2% MAC), while isoflurane should be minimized to 0.8-1.5% MAC during
imaging. However, if vascular dynamics such as blood flow and neurovascular cou-
pling will be measured, isoflurane is not ideal. Instead, surgery can be performed
with first with isoflurane, and the animal can then be transitioned to alpha-chloralose
anesthesia or chlorprothixene sedation, which better preserve neurovascular
responses (Masamoto and Kanno 2012). While isoflurane is more convenient to use
for achieving surgical-plane anesthesia, it is a vasodilator that can worsen brain
swelling following a craniotomy. However, less invasive procedures such as thinned-
skull or PORTS windows can be generated using isoflurane anesthesia without the
concern of brain swelling as the skull is not completely breached.

For imaging of pericyte or capillary structure, as well as BBB leakage, the use of
light isoflurane anesthesia (0.8—1.5% MAC) is necessary to obtain very stable, high-
resolution imaging. Anesthesia may also be appropriate for studying slower aspects
of blood flow change that might take place over days, such as those seen after opti-
cal ablation of pericytes (Berthiaume et al. 2018b). However, dynamic changes in
blood flow or pericyte activity evoked by neurovascular coupling are ideally per-
formed with an awake, habituated or lightly sedated subject. This is because anes-
thesia significantly dampens the neuronal activity and the neurovascular response
(Gao et al. 2017). Awake-imaging involves the habituation of the mouse to head
restraint in the days prior to an imaging experiment (Shih et al. 2014). Enclosures,
such as hollow tubes, can be utilized to dampen the natural fear response of mice to
open spaces. Other strategies include spherical treadmills for the animal to walk on
at will during the course of imaging (Dombeck et al. 2007). Once habituated, mice
do well under these awake-imaging conditions, and high quality two-photon data
can be obtained. Generally speaking, the field is moving towards using awake-
imaging as the standard for all two-photon imaging experiments, as this state of
consciousness likely gives the most authentic results (Grutzendler and Nedergaard
2019; Gao et al. 2017). However, light sedation using drugs such as chlorprothixene
remain a reasonable compromise if study results would be significantly altered by
any movement artifact, as is often the case when imaging the characteristics of
structures as small as capillaries (Grutzendler and Nedergaard 2019).
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1.5.6 Head-Mounting/Stabilization

Stabilization of the mouse’s head is necessary for both the cranial window surgery
and for optical imaging. Head fixation can be achieved with a custom-made head-
mount setup (Fig. 1.3a). This is usually an adjustable structure that allows the angle
of the mouse head to be leveled to the imaging plane, and then fixed in position to
prevent further movement. Proper head fixation is critical to minimize motion arti-
facts caused by breathing or heartbeat during acquisition of high-resolution optical
images. The head fixation apparatus is also useful to maintain a similar head posi-
tioning for the same mouse on each subsequent imaging day. This facilitates longi-
tudinal imaging studies where exact locations need to be repeatedly imaged and
compared over time.

1.5.7 In vivo Two-Photon Microscopy

Once a cranial window has been generated, and the appropriate post-operative
recovery period has passed, optical imaging experiments can begin. Two-photon
microscopy has been revolutionary for the advancement of neuroscience by allow-
ing visualization of cellular and subcellular processes in vivo, while minimizing
photodamage to the delicate brain tissue (Denk et al. 1990). Two-photon imaging
has significantly advanced cerebrovascular research, with the ability to visualize
and quantify aspects of the dense vascular networks of the brain, their cellular com-
ponents, and their physiological dynamics (Shih et al. 2012a).

1.5.8 Physiological Variables

It is important to maintain an animal’s health during in vivo imaging. A pulse oxim-
eter can be used to obtain a constant read out of an anesthetized animal’s heart rate
and breathing rate while enclosed within the light-tight enclosure of the micro-
scope. Some studies require full control of physiological variables including
implantation of femoral artery catheters for continuous blood pressure measure-
ment, and occasional blood gas sampling. Tracheal tubes are also inserted for
mechanical ventilation, which helps to ensure a normal breathing rate and proper
balance of blood gases (Grubb et al. 2020). However, these implantation procedures
are invasive and therefore reserved for acute imaging studies. A feed-back regulated
heat pad is necessary to ensure body temperature at normal levels of ~37 °C. Brain
temperature is also important to consider, as it can be drastically altered immedi-
ately beneath a craniotomy (Kalmbach and Waters 2012). The use of water-
immersion microscope objectives poses some additional problems, as
room-temperature water has been shown to decrease the temperature of the cortex
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directly beneath the window, which can affect both blood flow and tissue oxygen-
ation (Roche et al. 2019). The use of objective heaters helps to address this issue.

1.5.9 Lv. Dyes as Vascular Labels

The intricate cerebrovascular networks of the mouse brain can be labeled by a single
intravenous (i.v.) injection of fluorescent-dextran dye. Since the i.v. dye labels the
blood plasma, any perfused vessel will fluoresce during two-photon imaging. The
choice of i.v. dye depends upon which imaging channels are already occupied by
genetically expressed fluorophores. The conjugated dextran must also be of suffi-
cient molecular weight so that it is not filtered from the blood stream too quickly. In
practice, dextran conjugates at or above 70 kDa are sufficient for hours of imaging.
Some common commercially available dye choices are fluorescein isothiocyanate
(FITC)-dextran (70 kDa-2 MDa), tetramethylrhodamine (TMR)-dextran (500 kDa),
and Texas Red-dextran (70 kDa). Recent studies have also provided protocols to
custom conjugate fluorophores to dextran, as was done for Alexa fluor 680 in a deep
two-photon imaging study (Li et al. 2020). Ideally, the i.v. dye and fluorophore used
to label pericytes in each experiment would have similar two-photon excitation
cross-sections, enabling simultaneous imaging of pericytes and vascular structure
and flow. For example, an experiment to visualize tdTomato in pericytes and FITC-
dextran simultaneously could use a 975 nm excitation wavelength, and capture
emissions in the red and green channels, respectively. Alternatively, if pericytes
were to express YFP, a Texas Red-dextran could be used and both fluorophores
imaged at 900 nm for green and red emission. However, sequential imaging with
different excitation wavelengths can also done if the two-photon cross sections of
the labels are too dissimilar.

1.5.10 IL.v. Dyes as Vascular Permeability Probes

Vascular permeability metrics are often included in pericyte studies seeking to
investigate their involvement in blood-brain barrier (BBB) function. For these stud-
ies, the molecular weight of the chosen dextran is an important consideration. A
dextran weighing ~70,000 Da will be peripherally extravasated from the blood
stream within a few hours, but is of an ideal size to test BBB integrity (Armulik
et al. 2010). Several blood plasma proteins established as appropriate surrogates for
BBB leakage, such as albumin, are almost identical in molecular weight. A dextran
of this size may accumulate in the brain parenchyma outside of vessels for minutes
to hours after extravasation, and can be readily visualized with two-photon micros-
copy (Fig. 1.4d). The smallest fluorophores, such as Alexa fluor 488-Cadaverine,
are <1000 Da and are filtered from the blood stream within minutes. These can only
be visualized around the time of bolus injection in vivo (Berthiaume et al. 2018b;



20 A.-A. Berthiaume et al.

Ai Aii Aiiii Aiv
Vessel diameter
1 =6
1 .E3 5 mean £ sd
08 By /\/VV\[V\N/ .
06 £, )
4 i 40 % 2
02 0y T .
0, % 2
"C:s‘“ 643000¢ 065 70 1520 25 30 35 40
Cross-ine length (m) Ss-line length (jm) Cross-line number
B Vessel length Ci  Biood flowdynamics  Cii Ciii
5 Z .:” s % ';-?1;-'5 ) i: 1\f
iE g é 18 ‘U\J{\ | ( \f\
3 = Z 18 (")
= g
= H
= 14
512
§ 10
#0025 looess T 08 100 ms
3D projection 20pm
D Vescular permeability Di s .
Pre-injury 5 min post injury 3 days post injury o "’"""“i"‘a :
2000
]
§5 150
‘- |
82 o
4
£ 500
g
S min 3 days

Tirree from injury

Fig. 1.4 Vascular metrics acquired with in vivo two-photon imaging. (ai) Capillary in maximally-
projected image stack with cross-lines used for acquisition of average diameter measurement. (aii)
Normalized fluorescence intensity plotted for a single capillary cross-line, used for calculation of
full-width at half maximum capillary diameter. (aiii) Intensity plots of full dataset for cross-lines
1-37 from (ai). (aiv) Plot of diameter deviations along the length of a single capillary segment with
average and standard deviation of diameter reported. (b) Demonstration of 3D capillary length
measured using the ImagelJ plugin Simple Neurite Tracer (Longair et al. 2011). (ci) Blood cell
velocity is measured using high-speed line-scans during two-photon microscopy. The location of
line-scanning is shown for collection of blood cell velocity and flux from two capillaries within the
field of view. (cii) Raw image output from the line-scans marked in (ci). Dark bands are generated
by passing blood cells that exclude the fluorescent dye, while light bands are i.v. dye within the
blood plasma. The number of dark bands over time is used to determine blood cell flux in cells per
second. The angle of the streaks is used to calculate the speed of blood cell flow, with streaks closer
to the horizontal corresponding to faster flow speed. (ciii) Blood cell velocity in millimeters per
second plotted as a function of time for each of the scanned capillaries. (d) Leakage of a 70 kDa
i.v. dye immediately following capillary injury. (di) Quantification of fluorescence intensity within
a region of interest (ROI) in (d) at pre-injury, 5 minutes post-injury, and 3 days post-injury
timepoints

Lou et al. 2016) or in tissue slices following fixation (Armulik et al. 2010). This
method is useful for detecting small, local breaches in the BBB that involve rapid
dye extravasation. When using the smallest molecular weight dyes, it is often neces-
sary to introduce an additional high molecular weight dye to the bloodstream to
assess both vessel structure and permeability within one imaging session.
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1.5.11 Vascular Characteristics and Dynamics

Pericyte control of cerebral blood flow is a very active area of research. Two-photon
imaging is uniquely suited to study this process because it enables the real-time
detection of blood flow changes at the level of arterioles, capillaries and venules.
This type of imaging also allows for the quantification of vascular structure charac-
teristics such as vessel length and diameter. Vascular length should be measured in
three dimensions whenever possible, using a tool such as the ImageJ segmentation
analysis tool Simple Neurite Tracer (Longair et al. 2011) (Fig. 1.4b). This allows the
full length of the vessel in the z axis to be taken into consideration, rather than only
the x and y planes. The diameter of a vessel can be obtained by measuring the full-
width at half maximum of a fluorescence intensity profile taken across the width of
the capillary (Driscoll et al. 2013) (Fig. 1.4ii). Since brain capillaries are often het-
erogeneous in diameter even within the same capillary segment, recent studies have
also developed strategies to collect diameter at multiple regions along the vessel
(Watson et al. 2020; Ivanova et al. 2017) (Fig. 1.4ai). The average of these measure-
ments can then be obtained and reported as an unbiased measure of capillary diam-
eter, while also providing a metric of the variability of diameter along the length of
a vessel segment (Watson et al. 2020) (Fig. 1.4aiii, aiv). Blood flow measurements,
including blood cell flux and velocity, can be measured at the level of brain capillar-
ies. Since i.v. dyes are excluded by blood cells, they appear as dark shadows within
the fluorescent blood plasma. A two-photon line scan through the central axis of the
vessel length will reveal moving blood cell shadows as streaks within a resultant
line-scan image (Fig 1.4 ci, cii). The number of streaks over time is the flux of blood
cells, typically reported as cells per second. The angle of the streaks is used to cal-
culate the velocity of blood cell flow, typically reported as millimeter per second
(Shih et al. 2012a; Kleinfeld et al. 1998). Convenient algorithms have been devel-
oped to aid extraction of blood cell velocity from line-scan images (Kim et al. 2012;
Chhatbar and Kara 2013) (Fig 1.4ciii).

1.6 In Vivo Observation of Pericyte Structure and Function

There exists a spectrum of mural cell morphologies in cortical vasculature, with
pericytes being subcategorized into groups based on morphology and a-SMA
expression. As capillary pericytes (>4th order from a penetrating vessel) are the
most abundant in the mouse cortex, these populations will be the focus of the fol-
lowing section. When targeting the capillary pericyte network for in vivo optical
imaging studies, a combination of cell morphology and branching distance from a
penetrating arteriole can be used to confirm mural cell identity (Grant et al. 2017).
The unique structure of capillary pericytes, and how this structure relates to their
in vivo function, has been a question of great interest in past decades. With constitu-
tive genetic labeling, pericytes of the capillary bed form a contiguous network. The
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discrete domains of individual pericytes may be difficult to discern, but careful
inspection reveals occasional small gaps between neighboring pericytes processes,
ranging from only a few micrometers in width. The basal growth of individual peri-
cyte processes can be tracked over time, if the boundaries between neighboring cells
are sufficiently visible (Berthiaume et al. 2018a). Long-term tracking of these peri-
cyte gaps has shown that pericytes slightly adjust their territories along the capillary
bed over time (Fig. 1.5¢). This repulsion between neighboring pericytes maintains a
non-overlapping chain of pericytes along the capillary bed. The specific mecha-
nisms driving this pericyte-to-pericyte repulsion have yet to be described, but may
involve EphrinB2 signaling (Berthiaume et al. 2018a; Foo et al. 2006). In instances
where capillary pericytes are lost or damaged, the modulation of this cellular repul-
sion could play a role in triggering a growth response of the remaining capillary
pericytes.

Mice with inducible control of Cre activity provide sparse labeling of individual
capillary pericytes, allowing their individual structures to be examined. Many struc-
tural characteristics of individual pericytes can be quantified from in vivo two-
photon imaging data, including: (i) the location of their somata, (ii) the size of the
territory (the summated length of capillary contacted by a single pericyte), and (iii)
various aspects of pericyte processes, such as their number, length, complexity and
branching pattern. Pericyte somata can be found both at capillary junctions and on
capillary segments between junctions. Interestingly, pericyte somata are more com-
mon at junctions (~50% of all capillary pericytes in cortex) (Hartmann et al. 2015),
suggesting that their occurrence may support physiological roles, such as blood
flow control at capillary bifurcations. Abundance of capillary pericytes can be quan-
tified over time or under different experimental conditions by counting the number
of pericyte somata within a cortical volume (Fig. 1.5a). When tracked over days to
months under basal conditions, pericyte somata are found to be structurally fixed
and immobile (Berthiaume et al. 2018b; Cudmore et al. 2017).

»
»

Fig. 1.5 (continued) resolution imaging of histological sections, is the ratio of total pericyte area
over total vessel area. (b) Image of a single capillary pericyte from a Myhl1-CreERT2::Ail4
mouse, with measurements for individual and total process lengths, measured in 3D with ImageJ
plugin Simple Neurite Tracer (Longair et al. 2011), and soma diameter. (¢) Tracking neighboring
capillary pericyte territories over time. Inset shows a shift in original boundaries of processes (yel-
low lines) over 77 days. Image from a Myh11-CreERT2::Ai14 mouse. Adapted from Berthiaume
et al. 2018 (Berthiaume et al. 2018a). (d) Super-resolution confocal image of fixed tissue from
Pdgfrb-Cre::Ail4 animal. Thin-strand pericyte processes, pseudocolored green, shows serrated-
liked edges. Immunostaining for collagen IV, pseudocolored red, labels the basement membrane
associated with the underlying capillary. (ei) Mesh pericyte imaged with in vivo two-photon
microscopy in a Pdgfrb-Cre::Ail4 mouse. (eii) The pericyte imaged in vivo was re-located post-
mortem in fixed tissue and imaged with super-resolution confocal microscopy, revealing the intri-
cate substructure of pericyte processes that is unresolvable with in vivo two-photon imaging. (f)
Image of a thin-strand pericyte from a NG2-GCaMP6f mouse. Numbers indicate regions of inter-
est within a single pericyte process analyzed along the line-scan (yellow). (g) Spontaneous spikes
in calcium transients plotted over time, separated by ROIs outlined in (f). (Reproduced with per-
mission from Rungta et al. 2018 (Rungta et al. 2018))
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The extensive processes of capillary pericytes present another important feature
of these cells. More than 90% of the total length of capillaries in cortex is contact by
pericyte processes, as opposed to their somata, pointing to the importance this cell
compartment in homeostatic function (Underly et al. 2017). Imaging of individual
pericytes has revealed that capillary pericytes extend between 2 to 3 primary pro-
cesses, which are the processes growing directly from a protruding ovoid cell body.
These processes can further bifurcate into secondary processes, creating branching
patterns that can span hundreds of micrometers of total length per pericyte
(Hartmann et al. 2015). Pericyte process length can be assessed in 3D using the
ImagelJ segmentation plugin “Simple Neurite Tracer,” (Longair et al. 2011) and are
measured from the point they emerge from the soma to their terminal tips (Fig. 1.5b).
On average, a single capillary pericyte will contact 250 + 41 pm of total vascular
length in the adult mouse somatosensory cortex, though there is a large range in
pericyte territory size, with some cells contacting over 300 pm of contiguous capil-
lary length while other nearby pericytes contacting less than 200 pm (Berthiaume
et al. 2018b). Super-resolution imaging has revealed detailed sub-structure in peri-
cyte processes (Fig. 1.5d). While there appears to be one or two major strands that
run along the capillary length, occasional lamellar sheaths form between these
strands to create a more complex footprint on the underlying endothelium (Hartmann
et al. 2015). Near the arteriolar or venular poles of the capillary bed, the processes
of mesh capillary pericytes are even more extensive, forming intricate networks
over the capillary wall. It is important to note that the resolution limits of in vivo
two-photon microscopy preclude the examination of this intricate cellular sub-
structure (Fig 1.5ei, eii).

Vessel “coverage” by capillary pericytes is often a reported metric in pericyte
studies. However, it should be noted that there are discrepancies in the way this
characteristic can be measured with optical imaging in vivo versus in fixed tissue.
Pericyte “coverage” of the underlying vasculature in fixed tissue is typically quanti-
fied as the ratio of pericyte-labeled area over vascular-labeled area, using fluores-
cence signals from genetic expression or immuno-staining of 2-D images (Fig. 1.5a).
This same principle has not yet been applied to 3-D imaging datasets obtain by
two-photon imaging, but is in theory possible, especially if using membrane-bound
fluorophores that better show the lamellar outcroppings of pericyte processes (i.e.
mT/mG reporters). However, it can also present some challenge, as the resolution in
the z plane is not as high as x-y planes. As discussed above, the extensive processes
form a non-overlapping chain across the capillary network. Thus, an alternative and
simple metric to collect is pericyte “contact”, i.e., total capillary length contacted by
any portion of a pericyte. This can then be expressed as a proportion of total capil-
lary length to reveal the percentage of capillaries contacted by pericytes. There are
many disease conditions and mouse models in which pericyte loss occurs. This
would lead to breaches in the capillary pericyte chain and could be captured using
the pericyte “contact” metric (Fig. 1.5a). Quantifying length rather than area has the
added advantage of supporting measurements in three dimensions, which leverages
the 3-D data obtained by two-photon microscopy.
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Longitudinal two-photon imaging enables researchers to track features of peri-
cytes in order to gauge structural stability or reactivity to different experimental
conditions. Pericytes are not at their maximum size under basal conditions, as they
are able to extend their processes to cover a larger territory when challenged with
loss of a neighbor (Berthiaume et al. 2018a). This structural plasticity of capillary
pericytes can be measured with in vivo two-photon imaging by tracking the same
cortical volume over time. Changes to pericyte structure occur on the timescale of
days to weeks, requiring cell volume changes (Berthiaume et al. 2018b). This is in
contrast to other cell types such as microglial cells that can change shape and
migrate on the order of minutes, by re-distributing their existing cell volume.
Capillary pericyte remodeling appears to be important for homeostatic functions of
brain capillaries, such as blood flow regulation, though the full scope of its physio-
logic relevance needs to be better delineated. The loss of pericyte coverage or num-
ber, as seen in humans and animal models with small vessel disease (Halliday et al.
2016; Park et al. 2014), likely involves a complex interplay between pathological
influences leading to decreased pericyte coverage, and reparative pericyte growth to
attempt recovery of pericyte coverage. Small vessel disease models suggest that
pericytes can also become mal-distributed along the capillary bed. In a mouse model
of cerebral amyloid angiopathy, there are larger gaps between adjacent pericytes
due to shorter processes (Park et al. 2014). Conversely, in Col4al mutant mice that
develop spontaneous hemorrhage, mural cells in the transition zone between arteri-
oles and capillaries are packed more tightly leading to hypermuscularization and
increased upstream pressure (Ratelade et al. 2020). Both conditions may lead to
abnormalities in capillary homeostasis.

Along with pericyte structure, other aspects of pericyte function can also be stud-
ied in vivo using two-photon imaging. Pericyte function can be inferred from met-
rics collected from their adjacent microvessels, such as vessel diameter, blood flow,
and BBB integrity. Pericytes control these aspects of vascular function and correla-
tive studies can be performed at the level of single pericytes and capillaries. Recent
studies have expanded to the examination of pericyte calcium activity in vivo in
relation to neurovascular coupling. With the NG2-CreERT2 mouse line crossed
with GCaMPo6f reporter mice, it is possible to study moment-to-moment changes in
intracellular calcium in pericytes using two-photon imaging (Rungta et al. 2018)
(Fig. 1.5f, g). Pericyte neurovascular coupling studies using the NG2-GCaMP6f
mouse also benefit from the off-target labeling of OPCs. Because OPC activity has
been shown to correlate with neural activity, increased calcium in OPCs can serve
as a surrogate for neural activation (Rungta et al. 2018). Using this method, Rungta
and colleagues demonstrated that calcium spikes occurred in small, seemingly dis-
jointed compartments of pericyte processes, with no evidence of synchrony or
wave-like signal propagation throughout the cell during functional hyperemia
(Rungta et al. 2018). In another approach, an adeno-associated virus (AAV?2/5) has
also been used to transduce pericytes with GCaMP6 transgene for in vivo calcium
imaging, with GCaMP6s expression driven under activity of the PDGFRf promoter
(Khennouf et al. 2018). Khennouf and colleagues reported a decrease in cytosolic
calcium in pericytes located on dilated vessels during whisker stimulation.



26 A.-A. Berthiaume et al.

Conversely, cortical spreading depression-mediated capillary constriction led to
increased intracellular calcium in associated pericytes. As demonstrated by these
two studies, cutting-edge calcium imaging approaches can be used to investigate
both basal activity of pericytes as well as their response to pathology. For now, the
importance of pericyte calcium activity in vivo remains obscure and requires further
investigation.

1.7 In Vivo Manipulation of Pericytes

Given that pericytes live within a complex vascular network and continuum of
related cells, understanding their functional roles in vivo requires cause-and-effect
approaches to experimentally manipulated pericytes in adulthood. While studies
with pericyte-specific manipulation are still rare, a few strategies have emerged to
either ablate pericytes in the adult brain or to stimulate them. By ablating these
cells, we gain a better understanding of the consequence of pericyte loss on the
remaining neurovascular unit. Pericyte loss can be achieved on a large scale with
partial or global pericyte ablation, or on the much smaller scale of individual peri-
cytes. These two scales of pericyte manipulation can serve complementary roles in
investigations of how pericyte loss contributes to cerebrovascular disease. The stra-
tegic stimulation of pericytes in vivo, on the other hand, can help our understanding
of how capillary pericytes perform their functions in the context of normal brain
health, for example in the regulation of capillary blood flow.

1.7.1 Genetic Pericyte Ablation

Ablation of brain pericytes can be accomplished with one of several approaches,
depending on the degree and timing of pericyte loss required. There exists an abun-
dance of work using congenital knockouts targeting important signaling compo-
nents for pericyte recruitment in the developing vasculature. When created as
heterozygous mutants, many of these pericyte-deficient mice are able to survive into
adulthood. Some of these lines, such as the Pdgfrf"”"7 mice feature an age-related
decrease in pericyte numbers, which may mirror some aspects of pericyte loss in
age-related human diseases (Nikolakopoulou et al. 2017). One limitation of these
congenital ablations is the loss of pericytes from the earliest developmental stages.
Pericytes are involved in angiogenesis and formation of a stable vascular network,
and vascular abnormalities resulting from reduced pericyte number would create
differences in vasculature during adulthood. This is especially true because PDGFRf}
mutations do not have effects exclusive to capillary pericytes, but may also affect
the function of other cells including smooth muscle cells and neurons (Ishii et al.
2006). With this caveat in mind, pericyte-deficient mice are easily imaged with two-
photon microscopy and have been used to show increased BBB disruption, cerebral
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hypoperfusion, white matter degeneration, and impairment of neurovascular cou-
pling with pericyte loss (Kisler et al. 2017; Montagne et al. 2018; Bell et al. 2010).

A recent study developed an approach to selectively ablate capillary pericytes en
masse in the normally developed adult brain. By using the previously described
pericyte-CreER mouse line (Nikolakopoulou et al. 2019), non-specific targeting of
other cell types is eliminated, including closely related smooth muscle cells of arte-
rioles. When pericyte-CreER::Ail4 are combined with a line encoding an inducible
diphtheria toxin receptor (iDTR), DTR expression is exclusive to capillary pericytes
(Nikolakopoulou et al. 2019). This method allows for titratable levels of pericyte
loss through adjusting the dose of either tamoxifen (to induce DTR expression in
Cre-expressing cells) or diphtheria toxin (DT; to induce apoptosis in these cells). At
the highest doses administered in this study, a 60% reduction in capillary pericytes
was achieved from cortical microvasculature over the following days to weeks. The
result of this rapid capillary pericyte loss was brain circulatory failure due to endo-
thelial leakage and edema, which leads to loss of neurovascular coupling and even-
tually neuronal viability (Nikolakopoulou et al. 2019; Kisler et al. 2020). The
administration of lower doses of DT intermittently over weeks to months could
reveal a distinct phenotype to model more gradual pericyte drop-out.

1.7.2 Two-Photon Pericyte Ablation

Two-photon optical ablation of individual pericytes is a second approach to ablate
pericytes in vivo. The method is tightly coupled with two-photon imaging of the
vasculature, and relies on the precise targeting of pericyte somata with two-photon
laser light to created localized thermal damage at the pericyte soma, inducing
necrotic cell death (Fig. 1.6a). Thermal ablation of single or multiple pericytes is
distinct from genetic approaches because it creates localized pericyte loss in an
otherwise unperturbed vascular network. This allows researchers to study the effect
of pericyte loss on local microvascular responses without disrupting upstream or
downstream perfusion. Pericyte loss also occurs with no detectable disruption to the
blood-brain barrier (Berthiaume et al. 2018b), which helps to isolate the effects of
pericytes on blood flow from complex pathological influences. Further, optical peri-
cyte ablation circumvents the complicating factors of pericyte loss in other tissues
and organs that might indirectly influence brain function when using genetic abla-
tion. Two-photon pericyte ablation has been used to study pericyte structural plas-
ticity in reparative responses to maintain coverage of the endothelium in the event
of pericyte loss (Berthiaume et al. 2018b) (Fig. 1.6c, d).

One drawback of two-photon thermal ablation is that pericytes can only be elimi-
nated in a restricted volume brain volume, typically less than ~200 pm in depth
below the pial surface in the cranial window. Additionally, the ablation process can
cause off-target damage to the surrounding tissues and extensive controls must be
added to understand these effects. Some pericyte cannot be accurately targeted
without damaging the blood vessel because they are not oriented in a way that
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Fig. 1.6 Ablating pericyte in vivo with two-photon microscopy. (a) Image of capillary pericytes
from NG2-CreER::Ail4 mouse, with pericyte targeted for two-photon thermal ablation encircled
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allows for selective ablation. For pericytes genetically labeled with tdTomato, the
ideal thermal ablation settings is between 30 and 50 mW of laser power at a wave-
length of 725 nm (Berthiaume et al. 2018b). A line-scan is restricted to the pericyte
soma and held for 30-90 seconds. In a successful ablation, the tdTomato signal
specifically from the targeted pericyte is lost and there is no breach of the underly-
ing capillary, which would indicate endothelial injury. Overt indications of off-tar-
get damage, such as photobleaching of mural cells in z-planes above or below the
area or the creation of microbleeds from damage to vessel walls, indicate a need to
reduce laser power. Ablation settings should be evaluated on a case-by-case basis.
Factors such as increased depth of the soma below the pial surface and reduced
quality of the cranial window may necessitate higher laser powers. Thermal ablation
experiments should always be accompanied with laser-irradiation controls to under-
stand the effect of laser exposure alone. This can be done by administering laser
light with settings identical to those used for thermal ablation but to a perivascular
area not containing a pericyte cell body (Fig. 1.6b).

To avoid some of the limitations of two-photon thermal ablation (unintended
thermal injury to other cells, necrotic cell death), an alternative method of two-
photon laser ablation of individual pericytes was developed, named 2Phatal (two-
photon chemical apoptotic targeted ablation) (Hill et al. 2017). This technique relies
on the administration of the nuclear-binding fluorescent dye Hoechst 33342
(H33342) to living animals, which generates deadly levels of reactive oxygen spe-
cies (ROS) when selectively activated with 775 nm two-photon laser light. The
apoptotic cascade triggered by this reaction causes progressive cell death over the
course of several hours to days (Fig. 1.6e). The administration of H33342 via sys-
temic injection or direct cortical application results in the entry of the dye indis-
criminately into nuclei of several cell types. Cell specificity in ablation is achieved
by controlling the area of two-photon laser irradiation. Capillary pericytes can be
identified by pairing any mouse line with labeled pericytes with this dye. This

<
<

Fig. 1.6 (continued) in yellow. Thermal ablation line-scan is limited to pericyte soma only. Post-
ablation image reveals the immediate disappearance of the targeted pericyte within minutes of
ablation. Adapted from Berthiaume et al. 2018 (Berthiaume et al. 2018b). (b) Off-target control for
two-photon thermal ablation involves creating a line-scan path in a perivascular location of similar
distance to the capillary wall, but devoid of a pericyte cell body. Similar laser powers and time of
irradiation must also be used for controls. (¢) Longitudinal time-course of response to thermal
ablation of two capillary pericytes. Asterisks indicated targeted cells. Both cells are successfully
ablated, as determined by their complete disappearance 5 minutes post-ablation. Arrowheads mark
the original boundaries of neighboring pericyte processes. Over the course of 7 days, neighboring
pericytes extend their processes (arrowheads) into the uncovered capillary area to re-form a con-
tiguous pericyte chain. Arrowheads of the same color denote the process tips that split from an
original single process tip of a neighboring pericyte. (d) Change in pericyte process length plotted
over time under basal conditions, observed at gaps between neighboring pericytes processes
(gray), or following thermal ablation of a pericyte neighbor (red). Adapted from Berthiaume et al.
2018 (Berthiaume et al. 2018b). (e) Image from NG2-CreER::mT/mG mouse demonstrating the
2Phatal method of inducing apoptotic pericyte death over the course of days following laser expo-
sure. (Reproduced with permission from Hill et al. 2017 (Hill et al. 2017))
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method of induced cell apoptosis has the advantage of requiring shorter laser expo-
sure time to trigger cell death than traditional thermal ablation (775 nm at ~21 to
45 mW of power for 5-20s). Reduced local microglial activation is also reported
with 2Phatal (Hill et al. 2017). Further studies will be required to better understand
how the presence of the DNA binding agent affects cells during routine two-photon
imaging. Since all nuclei contain the DNA dye, any off-target laser light in or out of
the plane of focus could create low levels of ROS. Though observational imaging
would not be strong enough to directly kill cells, any incidental diffuse damage to
the imaging area may affect normal brain and cerebrovascular function.

1.7.3 Two-Photon Optogenetic Manipulation of Pericytes

Optogenetic stimulation provides a means to reversibly depolarize mural cells in
vivo. The approach was first applied to pericytes when Hill et al. used channelrho-
dopsin (ChR2) to depolarize brain pericytes in NG2-CreER::Ai32 mice in vivo (Hill
etal. 2015). They found that ChR2 stimulation caused contraction of SMCs, but not
of capillary pericytes, supporting a conclusion that capillary pericytes do not regu-
late cerebral blood flow.

The study by Hill and colleagues used one relatively low ‘dose’ of light stimula-
tion with short stimulation times to test the contractile ability of capillary pericytes.
As recent studies have shown that stimulating laser intensity and duration determine
the extent of ChR2 activation and mural cell contraction (Wu et al. 2015; Rorsman
et al. 2018), we revisited this experiment using different stimulation parameters. In
PDGFRp::Ai32 mice, we carefully counted branch orders (e.g. >4th) to ensure that
we examined capillary pericytes (Fig. 1.7a). Though PDGFR-Cre mice also target
arteriolar SMCs, the activation of ChR2 occurs preferentially at the focal plane,
which minimizes optogenetic perturbation of arterioles (Fig. 1.7b). Specialized
line-scans can be used to simultaneously stimulate ChR2 and collect vasodynamic
data, including diameter, blood cell velocity and flux (Fig. 1.7¢c). Using higher laser
powers and longer illumination times (60 s) than used by Hill et al, we found that
optogenetic activation of capillary pericytes can indeed reduce capillary diameter
and blood flow in PDGFRp-Cre:ChR2-YFP mice (Hartmann et al. 2020)
(Fig. 1.7d,e). Further, we found that similar excitation protocols caused a much
greater contraction of SMCs, suggesting that different mural cell types have a dif-
ferent threshold of ChR2 activation necessary for contraction. Capillary pericytes
are contractile but exhibit slower kinetics, thereby requiring longer periods of stim-
ulation than in SMCs.

A number of important practical considerations arise when using optogenetics to
study mural cell contractility in vivo. First, there is a wavelength specificity for
activation of ChR2, in this case the H134R variant. While 920-940 nm excitation is
the most efficient to drive neuronal firing in cultured neurons (Prakash et al. 2012;
Rickgauer and Tank 2009), 800 nm excitation appears most effective for driving
contraction of SMCs and pericytes. We and others have found that imaging at



1 In Vivo Optical Imaging and Manipulation of Brain Pericytes 31

A PDGFRE-ChR2-YFP B

800 nm C Two-photon line-scan (800 nm excitation)

Two-photon
20 x optogenetics
==
Region of activation Focal excitation Measure blood cell

at laser focus of ChR2 Measure diameater velocity and flux

E Lacation along line-scan path

awi|

%mﬂ_

distance
Two photon line-scan path 0=

Fig. 1.7 Optogenetic stimulation of pericytes concurrent with vasodynamic measurements
in vivo. (a) Representative image of the cerebrovascular network in a Pdgfrb-Cre::ChR2-YFP
mouse. Precapillary and capillary zones are specified, as are vessel branch orders from a penetrat-
ing arteriole (0 order). (b) The ideal ChR2 excitation wavelength for mural cells using two-photon
microscopy is set at 800 nm. Two-photon activation of ChR2 near the focal plane reduces possibil-
ity of stimulating upstream SMCs. (¢) A schematic of the multifaceted purposed of the two-photon
line-scan pattern utilized for optogenetic stimulation studies. The scan path allows for the two-
photon activation of ChR2, the repeated measurement of capillary diameter, and the assessment of
blood cell dynamics over time. (d) An example of pericyte stimulation using a multi-segmented
two-photon line-scan. (e) (Top) Colored blocks in line correspond to locations along the scan-path
in (d). (Middle, and bottom) Raw data acquired from a line-scan demonstrates a reduction on
capillary diameter and blood cell flux over a 60 second period of stimulation. FWHM vessel diam-
eter, blood cell flux, and blood cell velocity, can be extracted from the line-scan data. (Adapted
from Hartmann et al., 2020 (Hartmann et al. 2020))

900 nm leads to a considerably lower level of contraction than when imaging at
800 nm, even while using the same laser powers. Although the basis for this discrep-
ancy in optimal wavelengths is unclear, it provides the opportunity to observe and
measure hemodynamics at 900 nm, then switch to 800 nm to simultaneously mea-
sure hemodynamics and stimulate mural cells. It is also important that laser power
be graded based on depth below the pial surface, as deeper pericytes will require
more power to stimulate. Second, it is important to recognize that light can alter
vasodynamics even in the absence of exogenous opsins like ChR2. In naive animals,
blue light (Sikka et al. 2014; Rungta et al. 2017), and two-photon light at 800 nm
(Choi et al. 2010; Kimbrough et al. 2015), have been shown to cause vasodilation
and vasoconstriction, respectively. To control for these effects, optogenetic stimula-
tion studies should include control animals which express a fluorophore alone (i.e.
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YFP or mGFP) rather than the ChR2-YFP protein. Critically, the laser powers used
between opsin expressing mice and controls must be matched at different cortical
depths for an adequate control of the effects of laser light. In our hands, the non-
opsin expressing controls have not shown consistent responses to light, allowing us
to conclude that ChR2 activation in pericytes mediates capillary constriction.

Using this promising approach, researchers can now test whether capillary peri-
cytes control cerebral blood flow in a cause-and-effect manner. Other questions in
pericyte biology, such as how pericytes communicate with other cells in the brain,
will undoubtedly benefit from the advancement of this technique. Some limitations
remain, however. For one, we need a better understanding of the fluctuations in
pericyte membrane potential and intracellular calcium levels in vivo, with and with-
out optogenetic stimulation. This would help us understand how optogenetic stimu-
lation compares to physiologic pericyte function. It will also allow us to design
optogenetic stimuli that mimic certain physiologic or pathologic voltage changes in
pericytes.

1.8 Concluding Remarks

We have highlighted a variety of new tools and approaches to visualize the structure
and function of brain pericytes in their native environment. Imaging provides not
only a means to observe fine pericyte structure over time, but also an opportunity for
causal studies to delineate pericyte roles in brain physiology. While much has been
learned from in vitro and ex vivo studies on pericytes, the field has shifted to discern-
ing which of the diverse functions ascribed to pericytes are fact or fiction in vivo. We
have discussed how seemingly basic topics, such as how to name and identify a
capillary pericyte, are crucial to the field. This allows for pericytes to be studied
consistently among research labs. Careful selection of a pericyte targeting mouse
line is similarly crucial, each with their own advantages and disadvantages. Even
mice that appear problematic with non-specific targeting can be leveraged for ele-
gant experiments in neurovascular coupling, or comparative analysis across vascu-
lar zones. Quality is always preferred over quantity with two-photon imaging, and
therefore the utmost care with cranial window construction and attention to animal
physiology is important. Optical imaging is not only a means to observe physiologi-
cal processes, but also a means to delete or stimulate pericytes with single cell preci-
sion in vivo. These approaches have already revealed a phenomenon of structural
plasticity of pericytes that may be targeted to improve pericyte coverage in ailing
cerebrovascular networks. They have also revealed how different pericyte types can
have distinct effects on microvascular tone and therefore blood flow regulation.
With these tools in hand, the field is now poised for a new era of in vivo studies on
pericyte function.
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Chapter 2

The Complex and Integral Roles

of Pericytes Within the Neurovascular Unit
in Health and Disease

Brad A. Sutherland

Abstract

Introduction

Pericytes are multifunctional and heterogeneous cells that are embedded within the
basement membrane of capillaries. Alongside other mural cells, pericytes help
develop, stabilize and maintain the cerebral vasculature. Pericytes also form one
part of a group of cells called the neurovascular unit (NVU). Pericytes interact
closely with neighboring NVU cells including endothelial cells that line capillaries
and astrocyte endfeet that ensheathe cerebral blood vessels. These interactions con-
trol many of the functions of pericytes. In this chapter, I detail the complex and
novel roles of pericytes at the NVU in the healthy and diseased brain. In particular,
I discuss the functions and signaling mechanisms of pericytes at the NVU and how
these become dysfunctional in neurological disease.

Methods

Journal databases (Pubmed, Google Scholar and Scopus) were searched with the
keywords “pericyte(s)”, “brain”, “neurovascular” and/or “disease” or with the rele-
vant disease titles such as “‘stroke/ischemia”, “Alzheimer’s disease/dementia”, and
“amyotrophic lateral sclerosis/motor neuron disease”. Relevant published works

were selected for discussion.

Result

Multiple studies have revealed that there are a number of paracrine signaling mech-
anisms between pericytes and other cells of the NVU. These mechanisms help regu-
late many pericyte functions including cerebral blood flow, angiogenesis, blood-brain
barrier maintenance and inflammatory responses in the brain. Many neurological
diseases, including stroke and Alzheimer’s disease, exhibit neurovascular dysfunc-
tion at the capillary level in which numerous studies have indicated that pericytes
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may drive this. In addition, the stem cell potential of pericytes provides an exciting
opportunity to use these cells to replace or repair injured territories.

Conclusions

Pericytes regulate many critical processes involved in the maintenance of neurovas-
cular function and are now become an attractive therapeutic target for neurological
diseases as well as a biomarker for neurovascular damage. Future strategies will
uncover methods to use or target pericytes therapeutically.

Keywords Pericyte - Neurovascular unit - Capillary - Blood vessel - Cerebral
blood flow - Blood-brain barrier - Neurological disease - Angiogenesis -
Neuroinflammation - Stem cells - Stroke - Alzheimer’s disease - Amyotrophic
lateral sclerosis - Multiple sclerosis
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OopPC oligodendrocyte precursor cell

PDGF-BB platelet-derived growth factor-BB

PDGFRp platelet-derived growth factor receptor beta
PGE, prostaglandin E,

sPDGFRf soluble platelet-derived growth factor receptor beta
TGFp transforming growth factor beta

TGFpR2 transforming growth factor beta receptor 2
TNFa tumor necrosis factor alpha

VCAM vascular cell adhesion molecule

VEGF vascular endothelial growth factor

VEGFR2 vascular endothelial growth factor receptor 2
VSMC vascular smooth muscle cell

2.1 Pericytes Reside in the Brain’s Microvasculature

The brain constitutes 2% of the mass of the human body but consumes 20% of its rest-
ing energy, making it arguably the body’s most energy-dependent organ (Xing et al.
2017). To supply this energy the brain has an extremely complex vascular architecture.
The surface of the brain contains pial arteries that branch off into penetrating arterioles
which dive deep into the brain parenchyma. Branching off the penetrating arterioles
are the first order capillaries, also known as pre-capillary arterioles. A complex net-
work of capillaries is derived from the first order capillary and these are the primary
locations for gas and nutrient exchange from the blood to the brain. Deoxygenated
blood is then transported from the capillaries up ascending venules and out to the pial
veins. See Fig. 2.1a for a depiction of the brain’s internal vasculature.

Given the brain’s high energy needs, blood flow to specific brain regions needs
to be tightly controlled. This primarily occurs through two mechanisms — autoregu-
lation and neurovascular coupling. Autoregulation is where the cerebral arteries
feeding the brain’s microvasculature maintains a constant flow, even with changing
blood pressure. This is an important mechanism of vascular control to limit the cata-
strophic consequences to the brain of acute hypotensive or hypertensive episodes.
Neurovascular coupling, on the other hand, is the coordinated signaling from active
neurons to capillaries and arterioles to promote the blood flow that provides the
energy substrates needed for those neurons to fire. This local control of blood flow
is critically important to help maintain primary brain function and coordinated syn-
chrony across multiple networks within the brain.

Supporting cerebral vessels in their primary role, that being delivering blood, are
mural cells which lie embedded within the basement membrane of these blood ves-
sels. There is a spectrum of mural cells which possess different morphologies based
on the type/size of vessel they are associated with (see Fig. 2.1) including both
vascular smooth muscle cells (VSMCs) and pericytes. The larger arteries possess
rings of VSMCs, which encircle the entire vessel and have the contractile machinery
capable of actively constricting and dilating these vessels. The penetrating arterioles
have VSMC:s that encircle the vessel but do contain distinct protruding cell bodies,
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Fig. 2.1 The heterogeneity of the brain’s vasculature with the varied morphologies and locations
of pericytes. (a) Data from Vanlandewijck et al. (2018) and Damisah et al. (2017) showing the
variability of gene expression and mural cell labelling across the microvasculature of the cortex
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mural cells have different morphologies and terminologies which are represented in the images.
This figure has been reproduced from Berthiaume et al. 2018b)

suggesting these cells may be VSMC-pericyte hybrids. The branching first-order
capillaries off the arteriole (the pre-capillary arteriole) contain a specialized VSMC-
pericyte hybrid cell named the pre-capillary sphincter, recently identified to have an
important role in maintaining cerebral perfusion (Grubb et al. 2020). Pericytes
reside in the capillary bed, are evenly spaced and possess differing morphologies
depending on which end of the capillary bed they are located. At the arteriolar end
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of the capillary bed, pericytes have processes that wrap around the capillary and
have therefore been termed ‘ensheathing pericytes’. In the centre of the capillary
bed (third-sixth order capillaries), pericytes have a distinct cell body that protrudes
from the vessel with longitudinal processes that run parallel with the vessel. These
have been coined ‘thin-strand’ or ‘string’ pericytes. At the venule end of the capil-
lary bed, pericyte cell bodies are present but do not have as well-defined processes.
These are known as ‘terminal capillary’ or ‘mesh’ pericytes. On the ascending
venules and pial veins, a mesh-like cell termed ‘venous smooth muscle cells’ are
present, but these can also be referred to as pericytes due to their distinct cell body.
There are a number of recently published reviews and research articles on this sub-
ject eloquently describing the heterogeneity of pericytes (Attwell et al. 2016;
Berthiaume et al. 2018b; Brown et al. 2019; Grant et al. 2019; Hartmann et al. 2015).

Pericytes have several properties that make them critical for the maintenance of
blood flow, energy delivery, molecular transport and brain function. Pericytes are
particularly numerous within the capillary bed of the brain, with an estimated
pericyte:endothelial cell ratio of 1:1-1:3, significantly higher than other tissues
(Armulik et al. 2011). Within the capillary bed, the cell bodies of pericytes are
evenly spaced approximately 50 pm apart (Hall et al. 2014). This enables the entire
capillary bed to have functional capability while having limited number of peri-
cytes. This is only made possible because pericytes are highly branched and wrap
around as well as along capillaries with processes of a single pericyte estimated to
cover approximately 250-300 pm of capillary (Berthiaume et al. 2018a; Hartmann
et al. 2015). As a result, 70-80% of the capillary tube is estimated to be covered by
pericytes and their branches (Armulik et al. 2010; Bell et al. 2010; Daneman et al.
2010; Sagare et al. 2013; Sengillo et al. 2013). Approximately 56% of pericyte cell
bodies within the cortical capillary network are located at capillary junctions
(Hartmann et al. 2015), enabling pericytes to control the distribution of flow.
Pericytes can form an interconnected network within the microvasculature that is
capable of transmitting signals upstream and downstream to activate adjacent peri-
cytes (Peppiatt et al. 2006). A recent study calculated the speed of these conducted
responses to be 5-20 pm/s, and illustrated that they can occur both up and down-
stream of the initiating pericyte (Cai et al. 2018). This action suggests that pericytes
may meet the brain’s metabolic demand through regulated and co-ordinated capil-
lary network action, rather than by acting independently on single capillaries. This
implies that signals originated in the capillary bed and transmitted upstream in the
vascular network may even modulate arteriolar blood flow.

Ever since Zimmerman first coined the term pericytes including their various
morphologies, there has been a reasonable distinction as to what constitutes a peri-
cyte as opposed to a VSMC (Attwell et al. 2016). However, controversy has arisen
as to how to precisely define mural subsets, whether it be based on function, mor-
phology, location on the vasculature, or gene/protein expression. Pericyte diversity
has in fact been recognized for at least 20 years, particularly in regard to how their
location on the vascular tree governs their function (Sims 2000), and so this contro-
versy is not new. In the brain, Hill and colleagues reported that VSMCs regulated
cerebral blood flow in the brain, rather than pericytes (Hill et al. 2015). This claim
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was in stark contrast to one made in a landmark paper that it was pericytes that pri-
marily regulate cerebral blood flow, not VSMCs (Hall et al. 2014). Subsequent stud-
ies by other groups have variably supported the findings of both Hall et al. (Biesecker
etal. 2016; Cai et al. 2018; Fernandez-Klett et al. 2010; Grubb et al. 2020; Khennouf
et al. 2018; Kisler et al. 2017, 2020; Kornfield and Newman 2014; Mishra et al.
2016; Neuhaus et al. 2017a; Peppiatt et al. 2006; Rungta et al. 2018) and Hill et al.
(Wei et al. 2016; Zhou et al. 2019) and consequently there remains disagreement on
the exact definition of a pericyte. A universal classification system of pericytes
based on their function and morphology has been attempted, but is yet to be agreed
upon (Berthiaume et al. 2018b; Grant et al. 2019).

One published classification system that further highlights the heterogeneity of
pericytes is based on the expression of the neural progenitor gene nestin. In 2013,
Birbrair and colleagues used Nestin-GFP/NG2-DsRed mice to reveal two types of
pericytes: type 1 pericytes express NG2 but are nestin negative (Nestin-GFP-/NG2-
DsRed+); type 2 pericytes express both NG2 and nestin (Nestin-GFP+/NG2-
DsRed+) (Birbrair et al. 2013). While these subtypes of pericytes were first described
in the skeletal muscle, they have since been demonstrated to exist in the brain’s
microvasculature, with 33% of pericytes being type 1 (nestin negative) and 67% of
pericytes being type 2 (nestin positive) (Birbrair et al. 2014b). It is also apparent that
both of these pericyte subtypes function differently, particularly in response to
injury or disease. Type 2 pericytes can proliferate and promote angiogenesis
(Birbrair et al. 2014b), which may be reflective of their stem cell and regenerative
potential (Courtney and Sutherland 2020). On the other hand, type 1 pericytes have
been shown to be adipogenic in the periphery (e.g. skeletal muscle) (Birbrair et al.
2013) but in the brain, the exact role of these pericytes is less clear except that they
are reactive to injury (Birbrair et al. 2014a). In addition, there have been other
reports of molecular heterogeneity in pericytes, such as expression of connexin-30
(a gap junction protein highly expressed on astrocyte endfeet) in a subset of peri-
cytes (Mazare et al. 2018), but these studies require further confirmation.

Alongside the aforementioned functional, morphological and molecular studies,
a single cell RNA-seq analysis of vascular mural cells revealed relatively homoge-
neous gene expression within the pericyte population but substantial differences in
the profile of RNA expression between pericytes on capillaries and VSMCs on arte-
rioles (Vanlandewijck et al. 2018). a-SMA was not expressed in pericytes within
this dataset (He et al. 2018; Vanlandewijck et al. 2018) in a similar way to Hill and
colleagues whom also classified pericytes as being negative for a-SMA (Hill et al.
2015). However, there are a-SMA positive isolated mural cells on the first order
capillary which have been termed ensheathing or contractile pericytes based on
morphology (Berthiaume et al. 2018b; Hall et al. 2014). Additionally, one group
suggests that all pericytes express a-SMA and that depolymerization of a-SMA
during tissue fixation leads to a lack of immunolabelling in higher order capillaries
where thin-strand pericytes are present (Alarcon-Martinez et al. 2018). Overall, the
contractile phenotype seen by all groups likely belongs to the effects of the same
mural cell on the first order capillary/pre-capillary arteriole, with controversy over
the nomenclature (Attwell et al. 2016). Despite the controversy regarding their
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definition, pericytes are clearly an important cell type for physiological cerebrovas-
cular function and form an essential component of the neurovascular unit (NVU).

2.2 Pericytes Are a Central Part of the Neurovascular Unit

In order to maintain its energy need as well as protect its environment, the mam-
malian brain has developed a complex network of multiple cell types called the
NVU. The NVU connects the cells residing within the brain parenchyma to the cells
of the cerebral vasculature. Together they regulate blood flow to specific regions of
the brain, whenever energy is required. In the brain parenchyma, as neurons fire,
there is a greater energy requirement to maintain action potentials and synaptic
transmission (Attwell and Laughlin 2001), and so neurons send neurotransmitters
that can be relayed through other cell types to promote vasodilation and increase
energy supply. Cell types in the brain parenchyma that can receive signals from the
excitatory neurons and communicate them to the vasculature include inhibitory
GABAergic interneurons, astrocytes, microglia, and oligodendrocyte precursor
cells (OPCs). Astrocytes are an important supporting cell that forms contacts with
neuronal synapses to create the tripartite synapse (Araque et al. 1999). They also
extend endfeet that wrap around cerebral blood vessels (Macvicar and Newman
2015). On the vasculature itself, there are endothelial cells within the vessel that
closely interact with mural cells but can also react to signals from within the blood.
Mural cells such as VSMCs (on arteries, arterioles and veins) and pericytes (on
capillaries and venules) reside on the abluminal side of the vessel and therefore do
not have direct access to the blood stream. However, considering capillaries make
up the majority of blood vessels in the brain (Blinder et al. 2013) and neurons lie
closer to capillaries (~8.4 pm in hippocampus) than arterioles (~70 pm) (Lovick
et al. 1999), pericytes on capillaries are central to NVU function due to their ability
to sense and communicate to both the neuro- and vascular-sides of the NVU. The
complex cellular interplay of the NVU is depicted in Fig. 2.2.

Some of the cells of the NVU (i.e. astrocytes and pericytes) also function as part
of the blood-brain barrier (BBB) to prevent toxic species from entering the brain
(Attwell et al. 2010; Mcconnell et al. 2017). The endothelial cells lining the brain’s
capillaries are non-fenestrated (i.e. lack openings), in contrast to endothelial cells in
capillaries of certain peripheral tissues. The likely purpose of this barrier is to pro-
tect the brain from circulatory proteins that are neurotoxic, and to maintain brain
function.

Their location at the nexus of the NVU make pericytes a key signaling hub that
can control brain function. Pericytes have strong paracrine interactions with two
main cell types: endothelial cells and the endfeet of astrocytes. It is known that
pericytes physically interact with endothelial cells, can release factors to influence
endothelial cells and astrocytes, and receive signals released from endothelial cells
and astrocytes to alter pericyte function. These topics have been the subject of
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Fig. 2.2 The neurovascular unit of the mammalian brain showing the complex interplay of cells
to mediate both cerebral and vascular function. Oligoedendrocyte precursor cell (OPC). (This fig-
ure is adapted from Brown et al. 2019))

several recent reviews (Brown et al. 2019; Sweeney et al. 2016). The major signal-
ing pathways involved in these interactions will be described below (see Fig. 2.3).

2.2.1 Physical Pericyte-Endothelial Cell Interactions

Endothelial cells are connected by both tight junction proteins (including claudins
and occludins), and adherens junction proteins (such as 3-catenin and VE-cadherin).
These connections are regulated by multiple signaling pathways including trans-
forming growth factor beta (TGFp) and angiopoietin/Tie2 (Luissint et al. 2012). To
help stabilize the BBB, pericytes and endothelial cells are also physically connected
through peg and socket contacts. Pericyte fingers are inserted into endothelial invag-
inations and junctional proteins such as connexins and N-cadherin help stabilize
these connections. These pericyte-endothelial cell connections are regulated by the
TGFp and Notch pathways (Armulik et al. 2011; Geevarghese and Herman 2014;
Sweeney et al. 2016).
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Fig. 2.3 Paracrine signaling between cells of the neurovascular unit. Pericytes interact with endo-
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modulate contractility and BBB function including PGE,, arachidonic acid and ApoE isoforms.
These astrocyte signals are regulated by neuronal ATP release. Neurons can also directly modulate
pericyte contractility through adenosine, ATP and noradrenaline. 20-hydroxyeicosatetraenoic acid
(20-HETE); arachidonic acid (AA); angiopoietin (Ang); apolipoprotein (ApoE); adenosine tri-
phosphate (ATP); blood-brain barrier (BBB); cyclooxygenase-1 (COX1); cyclophilin A (CypA);
endothelin A receptor (ET,); low density lipoprotein receptor related protein-1 (LRP1); matrix
metalloprotease 9 (MMP9); nitric oxide (NO); platelet derived growth factor BB (PDGF-BB);
platelet derived growth factor receptor beta (PDGFRp); prostaglandin E, (PGE,); transforming
growth factor beta (TGFp); transforming growth factor beta receptor 2 (TGFPR2); vascular endo-
thelial growth factor A (VEGFA); vascular endothelial growth factor receptor 2 (VEGFR2)

2.2.2 Pericyte-Endothelial Cell Communication

Endothelial cells have a close affinity with pericytes due to their adjacent location
within the capillary wall. Endothelial cells can detect signals from within the blood
and can signal to pericytes through paracrine signaling. One of the major mediators
of pericyte function is platelet-derived growth factor-BB (PDGF-BB), which is
released from endothelial cells to act on PDGF receptor beta (PDGFRf) on peri-
cytes. This activates several intracellular signaling pathways to promote pericyte
proliferation, migration, survival, and recruitment as well as their attachment to
endothelial cells (Tallquist et al. 2003).
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Another important pathway is the Notch pathway. A Notch ligand (Delta-like
ligand 4 or Jagged) derived from endothelial cells can cleave the Notch 3 receptor
on pericytes to release the Notch intracellular domain which activates Smad4 to
promote pericyte survival, BBB stability and angiogenesis (Henshall et al. 2015;
Wang et al. 2014). The Notch pathway cooperates with the TGFf pathway to coor-
dinate these effects (Li et al. 2011). In addition, endothelial cells have Notchl1/4
receptors which can be activated by a Notch ligand from pericytes to release the
Notch intracellular domain and activate BBB stability and endothelial cell prolifera-
tion, also in cooperation with the TGFf pathway (Fu et al. 2009; Hellstrom et al.
2007; Li et al. 2011).

Vascular endothelial growth factor (VEGF)-A, released from endothelial cells or
pericytes, can activate endothelial VEGF receptor 2 (VEGFR?2) to promote endothe-
lial cell survival and proliferation for angiogenesis (Franco et al. 2011).

Angiopoietin-1 can be released from pericytes to act on the endothelial Tie2
receptor to promote endothelial cell proliferation, survival and BBB stability.
However, the actions of angiopoietin-1 can be inhibited by the autocrine effects of
angiopoietin-2, released from endothelial cells, upon Tie2 receptors (Gaengel
et al. 2009).

Another bidirectional mediator is TGFf which can be released from endothelial
cells to act on pericyte TGFp receptor 2 (TGFBR2), which phosphorylates AlkS to
activate the Smad signaling cascade and promote pericyte proliferation, attachment
and survival (Van Geest et al. 2010). TGFf can also be secreted from pericytes to
bind to endothelial TGFPR2 which phosphorylates Alkl and AIkS to activate the
Smad signaling cascade, and promote endothelial proliferation, survival and BBB
stability (Li et al. 2011; Van Geest et al. 2010).

Another paracrine mediator acting between these two cell types is endothelin-1,
which can be released by endothelial cells and act on endothelin-A receptors on
pericytes to cause vasoconstriction (Dehouck et al. 1997; Neuhaus et al. 2017a).

The integrated signaling between pericytes and endothelial cells is complex and
critical for both the maintenance of the BBB and for neurovascular function. The
multiple pathways controlling these interactions allow for several regulatory steps
in the signaling cascade that requires the cooperation of both cell types.

2.2.3 Pericyte-Astrocyte Communication

Astrocytes have endfeet that wrap around cerebral blood vessels (Fig. 2.2) and are
therefore in close proximity to pericytes. It is well established that astrocytes can
relay signals from neurons to pericytes and the vasculature in order to modulate
blood flow (Attwell et al. 2010; Macvicar and Newman 2015; Mishra et al. 2016;
Takano et al. 2006). One important molecule derived from astrocytes that can mod-
ulate pericyte function is prostaglandin E, (PGE,). Upon stimulation, neurons
release adenosine triphosphate (ATP) which acts on P2X,s channels on astrocytes
leading to an influx of Ca?* (Mishra et al. 2016). This leads to the metabolism of
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arachidonic acid to PGE, by cyclooxygenase (COX)-1 within astrocytes (Howarth
etal. 2017; Mishra et al. 2016). Once PGE, is formed, astrocytes release it to act on
neighboring pericytes by binding the EP, receptor (Mishra et al. 2016). Activation
of the EP, receptor by PGE, then leads to a relaxation of pericytes through promo-
tion of K* efflux allowing vasodilation and, subsequently, increased blood flow
(Hall et al. 2014; Hamilton et al. 2010). This dilatory action by PGE, can however
only be performed when the vasoconstrictor 20-hydroxyeicosatetraenoic acid (20-
HETE), which is also a metabolite of arachidonic acid, is inhibited in pericytes by
nitric oxide (NO) produced from neurons and endothelial cells (Attwell et al. 2010;
Hall et al. 2014). Astrocytes can also secrete apolipoprotein E (ApoE)2 and ApoE3,
which bind to the low density lipoprotein receptor-related protein 1 (LRP-1) recep-
tor on pericytes. LRP-1 then blocks cyclophilin-A activation of matrix metallopro-
tease 9 (MMPY), preventing BBB breakdown (Bell et al. 2012). In contrast to
ApoE2 and ApoE3, ApoE4 inhibits LRP-1, thereby allowing cyclophilin-A to acti-
vate MMP9 in a nuclear factor kappa B (NF-«B) dependent manner, promoting
BBB breakdown (Bell et al. 2012). Through these mechanisms, astrocytes can mod-
ulate pericyte activity and, as a result, can alter blood flow and BBB permeability.

2.2.4 Pericyte-Neuron Communication

Neurons can also communicate directly with pericytes. Pericyte-covered capillaries
are located approximately 8.4 pm away from neurons (in the hippocampus) and are
therefore in close enough proximity to readily receive signals directly from neurons
(Lovick et al. 1999). 65% of noradrenergic innervations occur at the capillary com-
pared to arterioles in the brain (Peppiatt et al. 2006), suggesting neuron-capillary
contacts are important for the local control of cerebral blood flow. While some
neuron-derived molecules modulate pericyte function through astrocytes (e.g. ATP
(Mishra et al. 2016)), pericytes possess receptors capable of receiving direct signals
from neurons, such as adenosine, ATP and noradrenaline (He et al. 2018). Adenosine
released from neurons can promote pericyte relaxation and capillary dilation (Li
and Puro 2001; Neuhaus et al. 2017a). Alternatively, neuronal release of noradrena-
line and ATP can cause pericyte contraction and subsequent capillary constriction
(Cai et al. 2018; Hall et al. 2014; Kawamura et al. 2003).

2.3 Functions of Pericytes in the Neurovascular Unit

As described above, pericytes act as a central signaling hub within the NVU and are
capable of driving several functions of the NVU including the regulation of cerebral
blood flow, vascular development, angiogenesis and stability, BBB maintenance,
and neuroinflammation (Fig. 2.4). Many of these functions have been elucidated
through the use of transgenic technologies that enable knockdown or depletion of
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Fig. 2.4 The subtypes and functions of pericytes in the brain, as well as neurological disease states
that implicate pericytes. (This figure has been adapted from Brown et al. 2019)

pericytes, allowing researchers to determine how this affects the various functions
of the NVU.

2.3.1 Experimental Methods to Reduce Pericyte
Numbers in vivo

The principal method employed to reduce pericyte numbers in vivo has been to
genetically disrupt PDGF-BB/PDGFRJ signaling in mice (e.g. PDGFRB*~ mice
(Bell et al. 2010, Tallquist et al. 2003), PDGFR F7 mice (Bell et al. 2010; Daneman
et al. 2010; Tallquist et al. 2003), PDGF-B&"Ret mice (Armulik et al. 2010), R26P**
mice (Armulik et al. 2010), PDGF-B'¥~ mice (Enge et al. 2002)). These disruptions
can reduce the number of pericytes in the brain by 25-70%. However, because these
mutations are constitutive, the phenotypes of these mutant mice are influenced by
developmental deficits, limiting the interpretation of results derived from these
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lines. In addition, homozygote PDGFRB~~ mice are embryonically lethal, likely
due to an inability to form blood vessels, alongside other physiological problems
(Leveen et al. 1994; Soriano 1994), but reveals the importance of pericytes and
PDGEF-BB signaling to vascular development.

Recently, new approaches have been developed to temporally induce pericyte
knockdown, allowing researchers to study pericyte functions in adulthood. One
such method is to cross a Pdgfrb-Cre ER™ mouse with a Rosa26-diptheria toxin A
(DTA) mouse, enabling the specific ablation of PDGFRp-positive pericytes (Park
etal. 2017). To date, this approach has been used to investigate the impact of reduced
pericyte numbers in the retina. However, PDGFRp is also expressed in other cells,
for instance VSMCs, therefore this approach is not truly pericyte-specific. To over-
come this limitation, one research group recently created a double cre mouse using
both Pdgfrb and Cspg4 as promoters (Nikolakopoulou et al. 2019). When crossed
with a mouse expressing Cre-dependent human diptheria toxin receptor (iDTR) (i.e.
pericyte-Cre;Ail4 x iDTR), a mouse was generated in which pericytes can be spe-
cifically ablated without off-target effects on other cells (Nikolakopoulou et al. 2019).

Non-genetic strategies for disrupting pericytes have also been trialled. In particu-
lar, receptor tyrosine kinase inhibitors, such as imatinib, can specifically block the
PDGFRp receptor and has been shown to reduce pericyte viability in vitro (Ruan
et al. 2013). Imatinib administration in vivo has also been shown to induce pericyte
loss in the retina (Wilkinson-Berka et al. 2004), but there is limited evidence of this
in the brain. In addition, receptor tyrosine kinase inhibitors are known to have sub-
stantial off-target effects, therefore any results derived when using these compounds
must be interpreted with caution.

As more research continues in this field and as technology for modulating peri-
cytes improves, new roles for pericytes in NVU function will undoubtedly arise.
Below we discuss the functional roles for pericytes that have been discovered using
some of these pericyte-targeting strategies.

2.3.2 The Role of Pericytes in the Regulation of Cerebral
Blood Flow

In order to maintain brain function, synaptic plasticity and neuronal firing, a con-
stant energy supply to the brain is required. As described above, while autoregula-
tion can account for blood flow changes in large vessels that feed into the smaller
vessels, it is neurovascular coupling, the process by which arterioles and capillaries
are regulated by the energy needs of local neurons, that allows for increased capac-
ity and energy supply. Increasing neuronal activity leads to increasing energy needs
which drives a vasodilatory response in the local microvasculature to direct cerebral
blood flow to the area (Attwell et al. 2010). Pericytes play an important role in this
response as they can actively dilate or constrict capillaries, altering cerebral blood
flow in response to increased neuronal activity (Biesecker et al. 2016; Cai et al.
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2018; Fernandez-Klett et al. 2010; Grubb et al. 2020; Hall et al. 2014; Khennouf
et al. 2018; Kisler et al. 2017, 2020; Kornfield and Newman 2014; Mishra et al.
2016; Peppiatt et al. 2006; Rungta et al. 2018).

One useful marker of intact neurovascular coupling is the blood oxygen level
dependent (BOLD) signal in functional magnetic resonance imaging (fMRI)
(Attwell and Iadecola 2002). Deoxygenated hemoglobin is paramagnetic, therefore
the level of deoxygenated hemoglobin is inversely proportional to the BOLD signal
arising from T2*-weighted fMRI (Attwell et al. 2010). Although the BOLD signal
can spatially correlate with neuronal activity following sensory stimuli tasks in
fMRI studies (Kim et al. 2004), it is vascular changes in response to neuronal activ-
ity that the BOLD signal is actually measuring (Attwell et al. 2010; Attwell and
Tadecola 2002). Therefore, the BOLD response is a direct measure of intact neuro-
vascular coupling, and an impairment in the BOLD response could mean either a
neuronal or vascular problem, and further studies would need to be performed with
other techniques to specifically identify which component is impaired.

It follows that pericyte function is related to the BOLD response, considering
their unique role in dilating and constricting capillaries. In fact, it has been calcu-
lated that pericyte relaxation is responsible for 84% of the increase in cerebral blood
flow in response to increased neuronal activity (Hall et al. 2014). Pericytes are also
the first responders to neuronal stimuli as pericyte-covered capillaries dilated before
VSMC-covered arterioles (Hall et al. 2014). Recent studies have also illustrated that
an acute ablation of pericytes causes neurovascular uncoupling (Kisler et al. 2020)
and deficits in blood flow (Nikolakopoulou et al. 2019). This demonstrates that peri-
cyte relaxation of capillaries following neuronal stimulation is critical for the cere-
bral blood flow increase and the appearance of the BOLD signal.

The signaling pathways that control pericyte contraction and relaxation to alter
cerebral blood flow are still being characterized. As highlighted in Fig. 2.3, pericyte
contraction can occur via several mechanisms including Ca®* influx into the pericyte
through voltage-gated calcium channels, activation of endothelin-1A receptors, pro-
duction of 20-HETE from astrocyte-derived arachidonic acid, and neuronally-
derived noradrenaline and ATP (Cai et al. 2018; Hall et al. 2014; Hamilton et al.
2010; Sweeney et al. 2016). Likewise, pericyte relaxation can be mediated via sev-
eral mechanisms including neuronally-derived adenosine, activation of EP, recep-
tors by astrocyte-derived PGE,, and NO-mediated inhibition of 20-HETE, which
leads to the activation of a number of potassium channels (Hall et al. 2014; Hamilton
et al. 2010; Mishra et al. 2016; Sweeney et al. 2016).

It is known that pericytes possess the cellular machinery to contract by express-
ing contractile proteins such as alpha-smooth muscle actin (a-SMA), tropomyosin,
and myosin (Alarcon-Martinez et al. 2018; Rucker et al. 2000). However, with the
understanding that there are subtypes of pericytes, only some express these contrac-
tile markers (see Fig. 2.1), particularly the ensheathing pericytes at the arteriolar
end of capillaries (Alarcon-Martinez et al. 2018), which may be a transitional cell
between pericytes and VSMCs (Grant et al. 2019). There is now substantial evi-
dence that it is these «-SMA positive pericytes at the arteriolar end of the capillary
bed (that some groups label as VSMCs (Hill et al. 2015)) that modulate blood flow
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in response to neuronal activity from a variety of stimuli including odor (Rungta
etal. 2018), light flicker (Biesecker et al. 2016; Kornfield and Newman 2014), whis-
ker stimulation (Cai et al. 2018; Grubb et al. 2020; Hall et al. 2014; Khennouf et al.
2018), and hindlimb stimulation (Kisler et al. 2017; Kisler et al. 2020). However,
further into the capillary bed, red blood cells still need to deform to be able to pass
through capillaries (Jeong et al. 2006), and so any increased rigidity of the capillary
by pericytes, without affecting diameter, may still modulate cerebral blood flow
through alterations to the transit time of red blood cells across the capillary bed
(Attwell et al. 2016). Overall, regardless of where on the vascular tree pericytes are
located, they still have the ability to regulate cerebral blood flow either through
direct constriction or relaxation of capillaries or through altering the rigidity of the
capillary wall.

2.3.3 The Role of Pericytes in Vascular Development
and Angiogenesis

For brain growth and development, as well as recovery after injury, it is crucial that
the cerebral vasculature develops correctly. Angiogenesis, the process of new vessel
formation, requires the sprouting of endothelial cells into a novel tube network.
While pericyte recruitment to endothelial sprouts helps to stabilize the new vessels
as they become functional (Bergers and Song 2005), pericytes can also be present at
the growing front of endothelial sprouts guiding newly formed vessels (Nehls et al.
1992). Pericytes are directed to these new vessels through the secretion of growth
factors by endothelial cells including PDGF-BB, TGF-f and angiopoietin 1 (Ribatti
etal. 2011). A loss of endothelial PDGF-BB can lead to pericyte loss and microvas-
cular abnormalities, illustrating the critical importance of endothelial-pericyte inter-
actions through PDGF-BB signaling (Bjarnegard et al. 2004).

Pericytes can also influence endothelial cell activity through angiogenic factors
such as VEGF as well as Notch signaling to promote angiogenesis (Ribatti et al.
2011). Additionally, pericytes appear to help form the basement membrane of new
capillaries as well as regulating the cell cycle of endothelial cells, thereby control-
ling angiogenesis (Bergers and Song 2005). Supporting these roles for pericytes are
studies in pericyte deficient (PDGFRp*~) mice which display vascular dysfunction
leading to reduced microcirculation and perfusion as well as BBB deficits (Bell
et al. 2010; Kisler et al. 2017). More recent evidence has shown even a mild pericyte
deficiency can lead to aberrant cerebral microvascular flow irrespective of the main-
tenance of pericyte coverage (though pericyte cell somata was decreased by 27%
(Watson et al. 2020)). Collectively, these studies show the importance of pericytes
to the development and maintenance of the cerebral microvasculature, with the
knowledge that pericytes are critical for vascular development across multiple vas-
cular beds (Payne et al. 2020).
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2.3.4 The Role of Pericytes in Vascular Stability

In addition to vascular development and angiogenesis, pericytes have an important
role in stabilizing capillaries. As noted above, the processes of pericytes are exten-
sive and wrap around and along all capillaries, covering approximately 70-80% of
their surface (Armulik et al. 2010; Bell et al. 2010; Daneman et al. 2010; Sagare
et al. 2013; Sengillo et al. 2013). Without this stabilization, capillaries cannot con-
strict or dilate effectively, BBB integrity is compromised, and vessels become more
fragile (Bell et al. 2010). The interaction between endothelial cells and pericytes,
which in part is regulated by the angiopoietin-Tie2 receptor pathway, is critical for
this stabilization (Sundberg et al. 2002). A recent study investigated the hemody-
namics of capillaries after a single pericyte was ablated using an in vivo two-photon
microscope (Berthiaume et al. 2018a). It was shown that while pericyte processes
did not physically touch each other, when a single pericyte was laser ablated to cre-
ate a portion of uncovered capillary, the neighboring pericyte’s processes extended
to cover the ablated site. This process took time and while the uncovered capillary
did not have an impaired BBB, there was uncontrolled dilation of the capillary, sug-
gesting that pericyte processes maintain the basal tone of the capillary.

2.3.5 The Role of Pericytes in Blood-Brain
Barrier Maintenance

The BBB is extremely important for the maintenance of brain function as it prevents
material from within the circulation passively entering the brain. Of course, there
are a number of molecules/peptides/proteins/cells that require entry into the brain
from the blood and there exist mechanisms to enable them to cross the BBB includ-
ing diffusion, active transport, paracellular transport and efflux pumps (Wong et al.
2013). The barrier itself consists of the endothelial cells that make up the capillary
wall connected by tight junctions, which is supported by astrocytes and pericytes
(Figs. 2.2 and 2.3). In 2010, three papers were published all demonstrating the
importance of pericytes to the regulation of the BBB using genetic knockdown of
pericytes (Armulik et al. 2010; Bell et al. 2010; Daneman et al. 2010). Pericyte
deficient-mice not only have issues with vascular development, but have a cerebral
capillary bed characterized by a lack of tight junctions between endothelial cells
and increased permeability of the BBB (Sengillo et al. 2013). The inducible knock-
down of pericytes can also lead to acute changes in the permeability of the BBB as
evidenced by increased immunoglobulin G (IgG) labelling in the brain
(Nikolakopoulou et al. 2019). The main role for pericytes at the BBB is to release
signaling factors that control astrocyte endfeet polarization and govern the number
of endothelial cell tight junctions (Armulik et al. 2010), and so are clearly important
cells for the formation and maintenance of the BBB.
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2.3.6 The Role of Pericytes in Neuroinflammation

The regulation of inflammatory processes in the central nervous system (CNS) (i.e.
neuroinflammation, a distinct concept from inflammation in the periphery) is often
discussed in the context of microglia, the brain’s resident immune cells (Streit et al.
2004). While microglia undoubtedly have strong immune functions in the brain
including immune surveillance and the production of cytokines and chemokines in
response to insults, neuroinflammation is more complex than microglial responses
alone. All cells of the CNS can contribute to neuroinflammation and it has recently
become apparent that so too can pericytes (Jansson et al. 2014).

There are several ways in which pericytes may influence neuroinflammation and
their location at the interface between the peripheral circulation and the brain paren-
chyma puts them in a prime position to do so. Pericytes have recently been described
as the first-responders in the brain to a systemic inflammatory insult, through the
release of cytokines and chemokines which alter brain function (Duan et al. 2018).
Pericytes can secrete a range of chemokines such as CC chemokines (e.g. CCL2),
CX3 chemokines (e.g. CXCL1) and CX3C chemokines (e.g. CX3CL1) as well as
cytokines (interleukin (IL)-1, IL-4, IL-6, IL-10 and tumor necrosis factor alpha
(TNFa) (Rustenhoven et al. 2017)) that enables them to perform both anti-
inflammatory and pro-inflammatory functions. When pericytes are exposed to cyto-
kines like IL-1p and TNFa, they not only secrete other cytokines and chemokines,
but also MMP9 which causes the breakdown of the BBB (Herland et al. 2016). The
activation of the pro-inflammatory CypA-NF-kB-MMP9 pathway in pericytes,
which alters both BBB and vascular function, can be induced through a number
stimuli such as a lack of murine ApoE (Bell et al. 2012). The secretion of cytokines
such as CCL2, CXCLS and IL-1p by pericytes in combination with expression of
adhesion molecules can lead to the recruitment of immune cells or promote inflam-
matory pathways in other cell types such as microglia and astrocytes (Rustenhoven
et al. 2017). Adhesion molecule expression in pericytes such as vascular cell adhe-
sion molecule (VCAM) and intracellular adhesion molecule (ICAM)-1 (Proebstl
et al. 2012; Verbeek et al. 1995) can regulate the passage of leukocytes from the
circulation into tissue (Stark et al. 2013). Pericytes can also directly alter the BBB
during neuroinflammation which can assist with this leukocyte trafficking into the
brain (Jansson et al. 2014).

In addition to their first-responder properties, pericytes may assist in the uptake
and presentation of antigens through the presence of major histocompatability com-
plex (MHC)-II complexes (Pieper et al. 2014). Although pericytes could reactivate
T cells previously primed by antigen presenting cells, pericytes do not possess the
necessary co-stimulatory molecules to stimulate naive T cells (Maier and
Pober 2011).

Another role for pericytes in the context of neuroinflammation is the ability for
pericytes to phagocytose other cells, material and debris allowing the clearance of
these potentially toxic species, including A, out of the brain (Kristensson and
Olsson 1973; Sagare et al. 2013; Schultz et al. 2017; Thomas 1999). It appears
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pericytes work in concert with microglia to clean up damaged areas of the brain
(Ozen et al. 2014). This function of pericytes will promote the resolution of inflam-
mation but also limit the extent of neuroinflammation in the healthy brain. Overall,
pericytes play an important role in neuroinflammation have the potential to become
a key target for therapeutically regulating these processes in neurological diseases.

2.3.7 Pericytes and Their Stem Cell Potential

A statement was recently made that “pericytes...are the only true pluripotent adult
stem cells” (Davidoff 2019). While there is considerable debate as to exactly
whether pericytes are a type of pluripotent stem cell, there is burgeoning evidence
that pericytes can differentiate into other cell types and may have reparative and
regenerative properties in the brain (Courtney and Sutherland 2020). Pericytes can
express mesenchymal stem cell markers that include CD44, CD73, CD90 and
CD105 (Crisan et al. 2008) but it remains difficult to confirm whether pericytes are
mesenchymal stem cells due to the heterogeneous nature of these cell types. In the
brain specifically, evidence suggests pericytes have the potential to differentiate into
neural, glial and vascular cells, including microglia (Nakagomi et al. 2015; Ozen
et al. 2014). However, this differentiation capacity may only occur under pathologi-
cal circumstances such as cerebral ischemia. It remains to be seen whether pericytes
differentiate into other cell types in the healthy or healthy-aging brain. Curiously,
recent research has shown that even peripherally-derived pericytes (from dental
pulp) can be differentiated into both glial and neuronal cell types (Farahani et al.
2019). This and other novel findings regarding the potential of pericytes to act as
stem cells will become an interesting therapeutic avenue to explore for neurological
diseases in future studies.

2.4 Pericytes in Neurological Diseases

Given the improved understanding of the importance of pericytes for physiological
brain function, it is perhaps not surprising that pericyte dysfunction is increasingly
being implicated in a wide range of neurological diseases (Fig. 2.4). Although peri-
cytes reside on the microvasculature, the brain diseases in which pericytes appear to
be dysfunctional are not strictly vascular (i.e. stroke or vascular dementia). Pericyte
dysfunction has been implicated in chronic neurodegenerative diseases such as
Alzheimer’s disease (AD) and amyotrophic lateral sclerosis (ALS), where the vas-
cular contributions to these diseases are poorly understood. For an excellent review
that highlights the large range of neurological diseases pericyte dysfunction or defi-
ciency has been implicated in, see Cheng et al. (2018). In the following sections, we
focus on the role of pericytes in stroke, AD, ALS and multiple sclerosis (MS).
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2.4.1 The Role of Pericytes in Stroke

There are two types of stroke: (1) Ischemic stroke, which is an abrupt cessation of
blood flow to the brain due to an occluding thrombus or embolus in a cerebral artery,
and (2) Hemorrhagic stroke, wherein a cerebral artery ruptures leading to excessive
bleeding in the brain. Both types of strokes have dramatic effects on the functions
of the NVU (Balbi et al. 2017; Sutherland et al. 2017), including disruptions to
pericyte function.

In 1968, Adelbert Ames III and colleagues published a study illustrating that in
the rabbit brain, even though cerebral arteries were recanalized following ischemia,
there was a profound deficit in capillary flow. They coined this observation the ‘no-
reflow phenomenon’ (Ames 3rd et al. 1968). Subsequently, there have been many
hypotheses as to what causes this no-reflow phenomenon, including cortical spread-
ing depression and post-ischemic swelling of endothelial cells and astrocyte endfeet
(Kloner et al. 2018). In 2009, Yemisci and colleagues showed that pericytes could
constrict blood vessels during ischemia and illustrated that this could give rise to
no-reflow (Yemisci et al. 2009). Remarkably, subsequent research has demonstrated
that pericytes can contract during stroke and then die in rigor (i.e. in a contracted
position), thereby limiting blood flow up to 24 h after reperfusion post-stroke (Hall
et al. 2014). Other experiments have shown that pericyte contraction can be medi-
ated by oxidative stress (Yemisci et al. 2009), and pericyte death is related to a large
calcium influx into pericytes during stroke and reperfusion (Hall et al. 2014). These
findings heavily implicate pericyte dysfunction as a major player in the no-reflow
phenomenon.

There are several other ways in which pericytes could contribute to injury post-
stroke. MMP?9 is known to disrupt the binding of astrocyte endfeet to the vascular
wall while affecting tight junction integrity between endothelial cells, and it has
been shown that following ischemia, pericytes can rapidly release MMP9 to pro-
mote BBB breakdown (Underly et al. 2017). In addition, the enzyme nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase 4 (NOX4), which produces
superoxide, is expressed by pericytes and is upregulated following middle cerebral
artery occlusion, ultimately leading to MMP9 expression and BBB breakdown
(Nishimura et al. 2016).

The influence of pericyte dysfunction to the pathophysiology of hemorrhagic
stroke is less-well studied. In 2016, one study found that a-SMA-positive pericytes
could constrict microvessels which was associated with neurological deficits in a rat
model of subarachnoid hemorrhage (Li et al. 2016). In addition, hemoglobin can
upregulate cyclophilin A which can activate pericyte release of MMP9 to disrupt the
BBB, thereby worsening outcome following subarachnoid hemorrhage (Pan et al.
2020). In the context of intracerebral hemorrhage, while bleeding into the paren-
chyma will cause contraction of pericytes and closure of microvessels, significant
remodeling of the NVU and subsequent neovascularization can occur to repair the
brain. Thrombin, which is activated by intracerebral hemorrhage, can promote
angiogenesis as well as pericyte coverage of vessels through a Tie2-dependent
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mechanism (Hu et al. 2019). However, more research needs to be conducted to
determine the full extent of the role of pericytes in both the acute effects and the
recovery of the brain following a subarachnoid or intracerebral hemorrhage. Further
research will be particularly important in the context of vasospasms and delayed
cerebral ischemia following subarachnoid hemorrhage where severe vasoconstric-
tion occurs, which may have pericyte involvement (Ostergaard et al. 2013).

In summary, these findings suggest that pericytes could be therapeutically tar-
geted post-stroke in an effort to prevent both the constriction of capillaries and the
opening of the BBB. For more information, the reader is referred to a number of
excellent recent reviews on this subject (Dalkara et al. 2019; Gautam and Yao 2018;
Neuhaus et al. 2017b).

2.4.2 The Role of Pericytes in Alzheimer’s Disease

The neuropathological hallmarks of AD, amyloid plaques (Ap accumulation) and
neurofibrillary tangles (tau hyperphosphorylation), are well described (Dubois et al.
2014; Montine et al. 2012). However, epidemiological studies have revealed that
many vascular factors (e.g. hypertension, hypercholesterolemia, diabetes, obesity,
heart disease and stroke) increase the risk of AD (de la Torre 2012; Norton et al.
2014). It has been shown that in AD patients, brain regions with hypoperfusion
overlap with regions of AD pathology (Austin et al. 2011). A reduction in both oxy-
gen and glucose not only prevent neurons from getting these important energy sub-
strates, but hypoxia can also trigger AB accumulation (Sun et al. 2006) and a glucose
deficit can trigger tau phosphorylation (Lauretti et al. 2017). In AD mouse models,
there is evidence of stalled capillaries, i.e. capillaries where flow does not occur,
which contributes to neurodegeneration (Cruz Hernandez et al. 2019), while strate-
gies that increase cerebral blood flow can improve cognitive outcomes (Bracko
etal. 2019). Vascular dysfunction, characterized by hypoperfusion and BBB disrup-
tion where pericytes have important roles, could therefore lead to an energy deficit
within the brain, and drive AD pathogenesis and subsequent cognitive decline, inde-
pendently or in concert with other AD-associated pathologies (Winkler et al. 2014).
This vascular dysfunction, which possibly precedes the onset of other characteristic
AD-associated pathologies (Iturria-Medina et al. 2016), has led to calls for vascular
biomarkers to be included in all human AD studies (Sweeney et al. 2019a).

In regards to pericytes specifically, one study has shown that pericyte number is
reduced in the hippocampus and cortex of post-mortem human AD brains (Sengillo
et al. 2013). This corresponds with evidence from animal models showing that peri-
cyte degeneration fosters an AD phenotype, including neurodegeneration (Sagare
et al. 2013). Subsequent studies have observed increased shedding of the soluble
PDGFRp (sPDGFR) into the cerebrospinal fluid (CSF), considered reflective of
pericyte injury, in human dementia patients (Montagne et al. 2015; Nation et al.
2019). These increased CSF sPDGFRp levels were associated with hippocampal
BBB permeability and were independent of AP or tau changes.
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Multiple in vitro studies have established that AP exposure can cause pericyte
death (Schultz et al. 2018; Wilhelmus et al. 2007). More recently, evidence derived
from both human brain slices and AD mouse models has illustrated that AB can
constrict capillaries, thereby reducing blood flow, through endothelin-1 acting on
pericytes (Nortley et al. 2019). In addition, pericytes also express LRP-1 (Kovac
et al. 2011), which is a receptor for ApoE, and can bind and phagocytose Ap (Ma
et al. 2018; Wilhelmus et al. 2007). When LRP-1 is genetically deleted from peri-
cytes in mice, AP can no longer be taken up by pericytes, suggesting that this mech-
anism is critical for the clearance of AP from the brain (Ma et al. 2018). ApoE4, the
strongest genetic risk factor for sporadic AD (Corder et al. 1993), derived from
human astrocytes can not resolve impaired AP uptake in LRP-1 deficient mouse
pericytes whereas ApoE3 could (Ma et al. 2018). In fact, ApoE4 carriers have accel-
erated pericyte degeneration and BBB breakdown (Halliday et al. 2016).

Overall, this evidence suggests issues associated with the uptake of AP by peri-
cytes can lead to the constriction of capillaries. This would limit blood flow and
impair the clearance of AP, causing pericyte toxicity and amyloid plaque buildup as
well as BBB damage. These multiple lines of evidence suggest there are several
mechanisms by which pericyte dysfunction could be involved in the development of
the neuropathological and, subsequently, cognitive features of AD. For more
detailed information, see these recent reviews on pericyte dysfunction in AD
(Erdener and Dalkara 2019; Sweeney et al. 2019b; Winkler et al. 2014).

2.4.3 The Role of Pericytes in Amyotrophic Lateral Sclerosis

Another neurodegenerative disease that could possibly have an underlying vascular
component is ALS, otherwise known as motor neuron disease or Lou Gehrig’s dis-
ease. Genetic mutations in the Sodl (Cu/Zn superoxide dismutase), C9orf72
(Chromosome 9 Open Reading Frame 72), Tardbp (TDP-43) and Fus (Fused in
sarcoma) genes can give rise to this disease, but only account for a minority of cases
(Taylor et al. 2016). Interestingly, neurovascular dysfunction has been shown to
occur both in human and animal models of ALS, as observed by an upregulation of
MMP?9 prior to motor neuron degeneration (Miyazaki et al. 2011). Subsequently, it
was shown that there is a 54% reduction in pericyte number in human ALS, possibly
leading to the breakdown of the blood-spinal cord barrier and extravasation of blood
proteins in the spinal cord (Winkler et al. 2013). Pericyte coverage of capillaries in
the ventral horn is also reduced in ALS patients, which may be linked to the pre-
dominant neurodegeneration that occurs in this location in ALS (Yamadera et al.
2015). Although only a few studies have investigated the role of pericytes in the
development of ALS, therapeutically targeting pericytes could be one possible strat-
egy to prevent the blood-spinal cord barrier opening in ALS.
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2.4.4 The Role of Pericytes in Multiple Sclerosis

Although MS is highly prevalent, the precise underlying causes are unknown. Some
of the modifiable risk factors for MS, such as obesity, are broadly considered vascu-
lar risk factors, indicating there may be an association between MS and neurovascu-
lar dysfunction. There is significant support for the notion that the BBB is disrupted
in MS, as evidenced by the deposition of the blood protein fibrinogen in the cortex
preceding demyelination (Petersen et al. 2017; Vos et al. 2005; Yates et al. 2017).
Fibrinogen can cause the death of oligodendrocytes (Montagne et al. 2018), as well
as an autoimmune response and demyelination (Ryu et al. 2015).

As described earlier, pericytes form a critical component of the BBB, as clearly
evidenced by transgenic mice with reduced pericyte numbers exhibiting BBB open-
ing and fibrinogen entry into the CNS (Armulik et al. 2010; Bell et al. 2010;
Daneman et al. 2010). One recent study demonstrated that when pericyte coverage
in the corpus callosum was reduced, this caused the opening of the BBB that was
associated with increased deposition of fibrinogen in the white matter tracts
(Montagne et al. 2018). This led to fewer oligodendrocytes, reduced axon number
and thinner myelin around axons. Fibrinogen was likely the cause of these axonal
and oligodendrocytic changes as reducing plasma fibrinogen through pharmaco-
logical or genetic means in these transgenic mice rescued pericyte coverage, BBB
integrity, oligodendrocyte number and axonal health (Montagne et al. 2018).
Pericyte reductions in transgenic rats can also lead to an increased density of OPCs
but reduced numbers of oligodendrocytes during development, as pericytes can
secrete laminin o2, an important extracellular matrix protein involved in the myelin-
ation of the CNS (de la Fuente et al. 2017). Furthermore, when a demyelinating
insult is instigated with lysolecithin, pericyte numbers are reduced leading to a
reduction in oligodendrogenesis (de la Fuente et al. 2017).

In summary, pericytes have an important function in preventing fibrinogen-
induced oligodendrocyte toxicity as well as roles in the process of myelination and
oligodendrogenesis, suggesting dysfunction to these roles may contribute to MS.

2.4.5 The Role of Pericytes in Other Neurological Diseases

The dysfunction of pericytes may be important in the pathophysiology of multiple
other neurological disorders including traumatic brain injury (Choi et al. 2016),
cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoen-
cephalopathy (CADASIL) (Ghoshetal.2015), glioma (Sunetal. 2014), Huntington’s
disease (Padel et al. 2018) and epilepsy (Leal-Campanario et al. 2017). A recent
review highlighted that pericytes may play a role in the substantial microvascular
pathology that occurs in neurometabolic diseases such as homocystinuria, mito-
chondrial diseases, Fabry disease, and organic acidurias/acidemias (Isasi and
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Olivera-Bravo 2020). Pericyte dysfunction in the context of other neurological dis-
eases has been extensively reviewed elsewhere (Cheng et al. 2018; Liu et al. 2020).

2.4.6 The Role of Pericyte Subtypes in Neurological Disease

As outlined above, pericytes have functional, morphological and molecular hetero-
geneity. This makes the investigation into pericyte dysfunction in the pathophysioly
of disease even more difficult. For example, Hall et al. showed that pericytes con-
strict capillaries and die in rigor following ischemic stroke (Hall et al. 2014), but it
is likely that pericyte contraction following ischemic stroke (Yemisci et al. 2009) or
hemorrhagic stroke (Li et al. 2016) only occurs in aSMA-expressing pericytes at the
arteriolar end of the capillary bed. In the context of tumor vascularization, it has
been demonstrated that only type 2 pericytes (nestin-positive) can invade the tumor
within the brain to proliferate and promote angiogenesis, thereby encouraging
tumor growth (Birbrair et al. 2014b). On the other hand, type 1 pericytes (nestin-
negative) accumulate in lesioned tissue of the brain following an acute traumatic
injury as well as contributing to scar formation in spinal cord injury (Birbrair et al.
2014a). Overall, there is diversity in the contribution of pericytes to the pathophysi-
ology of multiple neurological diseases, and this may impact upon the characteriza-
tion of pericytes in disease as well as the development of treatments that can
specifically target subtypes of pericytes.

2.5 Are Pericytes in the Brain Different to Pericytes
in the Periphery?

The spectrum of mural cells across the vascular tree in the brain is comparable
throughout the vascular beds of different tissues, with VSMCs residing on the larger
arteries/arterioles and pericytes residing on the capillaries. The functions of these
cells are broadly similar in regard to the regulation of blood flow and the modulation
of inflammation, but there may be tissue specific functions that differentiate them
from one another (Attrill et al. 2020). For example, pericytes in the brain regulate
the BBB, while in the periphery there is no NVU meaning that pericytes do not need
to maintain a tight barrier. In fact, many tissue beds have fenestrated capillaries
allowing a greater exchange of nutrients between the blood and tissue parenchyma.

Pericytes are located at specific branch points of the vascular tree to direct perfu-
sion to the capillary bed that requires energy supply, a feature of pericytes that
appears to be consistent across tissues (including the brain, heart, skeletal muscle
and pancreas (Attrill et al. 2020)). However, recent single cell RNA-seq data of
brain pericytes and lung pericytes revealed substantial transcriptomic differences
(Vanlandewijck et al. 2018). Both brain and lung pericytes express canonical
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pericyte genes such as Pdgfrb, Cspg4 and Des, but Anpep (the gene encoding CD13,
another canonical pericyte marker) was absent in lung pericytes (Vanlandewijck
et al. 2018). Further gene ontology analysis showed that an overexpression of trans-
membrane transporter activity was exhibited in brain pericytes compared to lung
pericytes, reflective of their BBB properties (Vanlandewijck et al. 2018). Pericytes
have different developmental origins in various tissue beds, which may account for
the differences in gene expression and function described above (Dias Moura
Prazeres et al. 2017; Yamamoto et al. 2017; Yamazaki and Mukouyama 2018).
Interestingly, nestin expression can be used to classify pericytes into type 1 (nestin
negative) and type 2 (nestin positive), and both types are present in peripheral and
cerebral circulatory beds (Birbrair et al. 2014a; Birbrair et al. 2014b). Overall, there
are similarities but also striking differences between pericytes in different tis-
sue beds.

2.6 Future Opportunities in Brain Pericyte Research

As more research into these fascinating cells is conducted, the more opportunities
arise to influence their function and potentially treat disease states. Outlined below
are potential avenues in which pericytes could be used to help prevent or treat vari-
ous neurological diseases.

2.6.1 Therapeutically Targeting Pericytes

Although there is growing evidence of dysfunctional pericytes in several neurologi-
cal diseases, brain pericytes are difficult cells to target therapeutically. This is partly
due to their heterogeneity along the vascular tree (see Fig. 2.1), but also due to the
overlap with other cell types in the transmembrane receptors and molecular path-
ways they use. Furthermore, pericytes reside on the abluminal side of capillaries,
meaning that access to pericytes can only occur if the therapeutic agent can cross the
endothelial wall forming the BBB. Although there is a significant research effort
currently being devoted to packaging small molecules into vehicles such as nanopar-
ticles, exosomes and viral vectors to cross the BBB (Dong 2018), very few studies
have attempted to target pericytes in this way.

Intranasal administration is one possible method to circumvent the restrictive
properties of the BBB. One study has described the delivery of human glial-derived
neurotrophic factor plasmid DNA nanoparticles intranasally and reported transfec-
tion, primarily in pericytes, using this approach (Aly et al. 2019). Nanoparticles are
being formulated specifically to target pericytes using peptide sequences that can
bind pericytes (Kang and Shin 2016). Successful targeting of anticancer agents to
pericytes using peptide-conjugated nanoparticles has already been reported in
rodent models of neuroblastoma (Loi et al. 2010) and lung melanoma (Guan et al.
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2014). Unfortunately, these methods have not yet been developed yet for disorders
of the brain, but may form an effective strategy for targeting brain-resident pericytes
in the future. Nanoparticle-based therapy that can deliver vasodilators such as ade-
nosine have been developed and have demonstrated efficacy at reducing lesion vol-
ume following ischemic stroke (Gaudin et al. 2014), showing the potential promise
of this therapeutic strategy.

2.6.2 Pericyte Biomarkers of Neurological Disease

Biomarkers are important for the diagnostic, prognostic and therapeutic monitoring
of disease, but discovering biomarkers with enough sensitivity and specificity for
neurological diseases has proven difficult. Given the strong evidence of pericyte
dysfunction in multiple neurological diseases, as well as their importance for BBB
integrity (see above), assessing the status of pericytes through biomarkers could aid
in the understanding of several diseases, as well as help to monitor disease prognosis.
PDGFRp is one of the major cell surface receptors expressed by pericytes, and
importantly, is more highly expressed in brain pericytes than brain VSMCs (Sagare
et al. 2015). In response to hypoxia or A, pericytes can shed sSPDGFRp, which is
thought to be reflective of pericyte injury (Sagare et al. 2015). Furthermore, elevated
sPDGFR{ has been detected in the CSF of mild cognitively impaired people, com-
pared with individuals that have no cognitive impairment (Montagne et al. 2015),
independent of Af,, or pTau levels in CSF (classical indicators of AD progression
(Nation et al. 2019)). Thus, these biomarker studies suggest pericyte injury and
BBB breakdown could be detectable through the measurement of sSPDGFR in the
CSEF. If this is ultimately the case, measurement of CSF sPDGFRf may be useful for
detecting BBB changes prior to the onset of several neurological diseases.

2.6.3 Therapeutic Administration of Pericytes

As outlined above, pericytes may have stem cell potential, i.e. an ability to differen-
tiate into other cell types that may assist in the repair processes of the brain. Their
functions in regulating angiogenesis, inflammation and clearance of toxic sub-
stances (Ma et al. 2018; Ribatti et al. 2011; Rustenhoven et al. 2017), along with
their potential pluripotency make them ideal candidates as a therapeutic strategy in
brain repair.

Promise has already been shown in a mouse of model of AD, where administra-
tion of fibroblast-derived pericytes increased blood flow and the clearance of Af to
alleviate plaque burden (Tachibana et al. 2018). In the field of stroke, one published
abstract illustrated that perivascular CD146* NG2* PDGFRp* stem cells could
increase vascular density and promote behavioral recovery of rats following middle
cerebral artery occlusion (Ogay et al. 2017). Another recent study administered
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pericytes intraperitoneally into mice with a mutation in Sod/, a model of ALS. This
led to an extended survival of mutant mice compared to untreated or mesenchymal
cell-treated mice (Coatti et al. 2017).

Excitingly, pericytes can now be derived from induced human pluripotent stem
cells, which allows for the generation of autologous pericytes, bypassing the com-
plications of immune rejection in cellular therapy (Faal et al. 2019; Stebbins et al.
2019). Another current barrier to pericyte therapy is the BBB. However, the tran-
sient opening of the BBB with agents such as mannitol can increase the number of
autologous pericytes accessing the brain after an intra-arterial injection (Youn et al.
2015). If the delivery of pericytes to the brain can be overcome and pericytes are
able to initiate their repair processes, this therapeutic strategy may be a very promis-
ing avenue for the treatment of several neurological diseases.

2.7 Conclusion

In recent years, our knowledge about pericytes and their functions in the brain has
rapidly expanded, as evidenced by ~200 publications with the keywords ‘pericytes’
AND °‘brain’ currently being published per year (Brown et al. 2019). Their location
in the heart of the NVU allows pericytes to influence both brain parenchymal func-
tion and vascular function. As technology has advanced, the critical roles of peri-
cytes in vascular development and stability, cerebral blood flow regulation, BBB
function and neuroinflammation have been revealed. The flip side of these integral
roles is that pericyte dysfunction may be a critical component of multiple neurologi-
cal diseases, although this provides the opportunity to target pericytes therapeuti-
cally. I suspect that as we develop a greater understanding of pericyte biology and
the vascular underpinnings of neurological diseases, we will soon see exponential
advances in our abilities to detect, monitor, visualize and specifically target peri-
cytes in the context of brain health and disease.
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Chapter 3
Biology of Pericytes — Recent Advances:
Role of Pericytes in Brain Metastasis

Yoichi Morofuji, Shinsuke Nakagawa, Takashi Fujimoto, Susumu Yamaguchi,
Kenta Ujifuku, and Takayuki Matsuo

Abstract

Introduction

Brain metastases are the most common brain neoplasms observed clinically in
adults, comprising more than half of all brain tumors. Brain metastases have been
historically understudied, and they represent an emerging and urgent unmet medical
need. The major impediment to effectively treating brain metastatic disease is the
blood-brain barrier (BBB). This barrier excludes most chemotherapeutics from the
brain and creates a sanctuary site for metastatic cancers. Recent studies have pro-
vided some evidence that astrocytes play a major role in brain metastasis by engag-
ing different modes of interactions with incoming cancer cells. By contrast, little is
known concerning the underlying mechanisms of brain metastasis formation, espe-
cially the role of pericytes. In this review, we discuss the recent advances in our
understanding of the biology of pericytes, especially regarding its role in brain
metastasis.

Methods
Literature review.

Results

The primary function of pericytes is stabilizing the function of the BBB. By con-
trast, cancer cells can activate pericytes to participate in pathological angiogenesis
and thus promote brain metastasis progression. It is important to understand both
the stimulatory and inhibitory effects of pericytes on cells to reveal the mechanism
of brain metastasis.
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Conclusions

Based on the findings of this review, pericytes could represent a key cellular target
for the treatment and prevention of brain metastasis. These data provided new
insights into the biology of pericytes and their potential roles in the pathogenesis of
brain metastasis. These findings should spur additional studies to better clarify the
mechanisms by which pericytes promote brain metastasis and stimulate the devel-
opment of treatment strategies targeting these cells.

Keywords Anergy - Angiogenesis - Cell-cell interaction - Degenerated pericytes -
Extracellular vehicles - Extravasation - Heterogeneity - In vitro blood-brain barrier
model - Ischemic pericyte - Metastasis - Neurovascular unit - Pericytic mimicry -
Regenerative therapy - Stem cell transplantation - Stemness - Tumor co-option

3.1 Introduction

Brain metastases are the most common brain neoplasms encountered clinically in
adults, representing more than half of all brain tumors (Patel and Mehta 2007).
Brain metastases have been historically understudied, and they therefore represent
an emerging and urgent unmet medical need. Actual treatment options for brain
metastases, including surgical resection, radiotherapy, and chemotherapy, are rarely
curative. Brain metastases contribute significantly to the morbidity and mortality of
cancer. As the incidence of brain metastases has increased because of improved
therapy for primary lesions, it is imperative to also improve the treatment of brain
metastases. Progress in treating brain metastases has been hampered by a lack of
model systems, a lack of human tissue samples, and the exclusion of patients with
brain metastases from many clinical trials (Gril et al. 2010). Whereas each of these
issues is significant, the major impediment to effectively treating brain metastatic
disease is the blood-brain barrier (BBB) (Gril et al. 2010). This barrier excludes
most chemotherapeutics from the brain and creates a sanctuary site for metastatic
cancers. The interaction between the BBB and cancer cells plays a key role in the
implantation and growth of brain metastases in the central nervous system. A better
understanding of the molecular features of the BBB, its interrelation with metastatic
cancer cells, and the cellular mechanisms responsible for establishing brain metas-
tasis is necessary to improve treatment modalities, especially chemotherapy. This
would improve the survival and quality of life of patients with brain metastasis and
potentially increase the remission rate. Recent studies have provided some evidence
that astrocytes play a major role in brain metastasis by engaging in different interac-
tions with incoming cancer cells (Wasilewski et al. 2017). Conversely, little is
known about the underlying mechanisms of brain metastasis formation, especially
those involving pericytes. In this review, we discussed the recent advances in our
understanding of the biology of pericytes with a particular focus on their role in
brain metastasis.
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3.2 Basic Role of Pericytes in Brain Metastasis

Circulating cancer cells reach the brain vasculature system, allowing their attach-
ment to endothelial cells. Cancer cells transmigrate through endothelial cells into
the brain parenchyma by disrupting tight junctions (TJs) and degrading extracellu-
lar matrix proteins. In the brain parenchyma, cancer cells encounter a microenviron-
ment that differs from the niche of the primary site. Intracranial metastases need to
adapt to the situation and grow effectively through angiogenesis. Pericytes are
recruited to enclose and stabilize endothelial cells to form the BBB (Bergers and
Song 2005; Bautch 2011), and they act as a physical barrier between the circulation
and the brain parenchyma. Endothelial cells and pericytes communicate through
mediators (Sweeney et al. 2016; Brown et al. 2019). Pericytes are regulated in brain
metastasis through the strengthening of these barrier functions and release of vari-
ous mediators.

There is no doubt that the function of the BBB has a profound effect on the for-
mation of brain metastasis because cancer cells need to enter the brain parenchyma.
The function of the BBB is reliant on endothelial cells supported by both pericytes
and astrocytes. Pericytes can modulate and maintain the BBB through the release of
signaling factors that enhance TJs and direct the polarization of astrocyte endfeet
(Armulik et al. 2010). Reductions in the numbers of pericytes can cause a loss of
TJs between endothelial cells, leading to increased BBB permeability (Sengillo
et al. 2013). In addition, defects or the absence of pericytes may lead to several
central nervous system (CNS) diseases, including neurodegeneration, neurovascu-
lar diseases, and injury (Dalkara et al. 2011). TJs are intercellular components of
endothelial cells that are essential in controlling the paracellular permeability of the
intact BBB (Tietz and Engelhardt 2015). Claudin-5, occludin, and zona occludens-1
are major TJ proteins that have important roles in BBB permeability, and the loss of
these proteins contributes to the progression of brain metastasis (Nitta et al. 2003;
Uzunalli et al. 2019). In the presence of pericytes, brain endothelial cells express
elevated levels of these proteins (Nakagawa et al. 2009). In a study of claudin-5, the
ability of the BBB to act against small molecules, but not larger molecules, was
selectively reduced by this protein (Nitta et al. 2003). This size-selective loosening
of the BBB supports the hypothesis that claudin-5 is important in the selective regu-
lation of BBB permeability, which is a determinant of brain metastasis (Wang
et al. 2016).

Factors of pericytes involved in angiogenesis are important for brain metastasis
formation. A variety of signaling cascades, including platelet-derived growth factor
(PDGF), vascular endothelial growth factor (VEGF), and transforming growth factor-
beta (TGF-f), are involved in angiogenesis via interactions between pericytes and
endothelial cells (Shen et al. 2012; Sieczkiewicz and Herman 2003; Sun et al. 2003;
Gautam and Yao 2018). Both loss of the stabilizing functions of pericytes and the
acquisition of a pro-angiogenic phenotype facilitate the generation of a vasculature
that is proliferative, leaky, and dysfunctional (Barlow et al. 2013). Normally, PDGF-f§
is secreted by sprouting endothelial cells, whereas pericytes express PDGF receptors
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(PDGFRs) (Lindblom et al. 2003; Thijssen et al. 2018). Pericytes are critically
involved in the normal development and formation of microvessels, and deficiency of
pericytes leads to the formation of microvessels with many of the typical hallmarks
of tumor vessels through the reactivity of PDGF-f (Abramsson et al. 2003).
Conversely, degenerated pericytes are implicated in tumor angiogenesis and involved
in brain metastasis progression. Metastatic lesions display decreased expression of
PDGFR-B, a specific protein of pericytes. In metastatic tumors with higher permea-
bility, vessels are surrounded by desmin-positive pericytes. Moreover, a tendency of
reduced CD13 staining in pericytes was observed (Lyle et al. 2016; Wilhelm et al.
2018). VEGF and TGF-f are considered to have major roles in the angiogenesis of
brain metastasis. Degenerated pericytes, which produce elevated levels of VEGF,
strengthen the link between angiogenesis and tumor formation. Thus, these pericytes
may be of central importance for both brain metastasis and cancer growth (Boire
et al. 2020). The TGF-p} pathway changes from a tumor-suppressive pathway in early
tumorigenesis to a metastasis-promoting pathway in the late stage of cancer. Pericytes
also secrete angiogenic-promoting factors such as VEGF and neurogenic locus notch
homolog protein 3 (NOTCH3) to activate angiogenic processes in the adult central
nervous system (Ribatti et al. 2011). Abrogation of NOTCH3 expression signifi-
cantly reduces the self-renewal and invasive capacity of cancer cells. Thus, NOTCH3
plays a critical role in promoting epithelial-to-mesenchymal transition (EMT, tumor
stemness, and metastasis (Leontovich et al. 2018).

Activation of matrix proteases and degradation of the basement membrane are
necessary for angiogenesis to occur (van Hinsbergh and Koolwijk 2008), and there
is evidence that tumors secrete factors that activate pericytes to degrade the base-
ment membrane and liberate matrix-bound growth factors, thereby contributing to
angiogenesis and possibly facilitating tumor growth and invasion. Matrix metallo-
proteinases (MMPs), a family of zinc-dependent endopeptidases, degrade substrates
of the extracellular matrix (ECM) (Yong 2005; Takata et al. 2008). MMPs have
been implicated in suppressing angiogenesis as well as the anomalous relationships
of cancer with the related processes of angiogenesis and vasculogenesis. Pericytes
are the most common MMP-9—releasing cells that respond to thrombin stimulation
among BBB-related cells (Machida et al. 2015). MMP-9 enhances the metastasis of
cancer cells by degrading collagen proteins of the ECM after being activated by
extracellular proteases under different physiological and pathological conditions. In
addition, MMP-9 also generates the angiogenic and tumor repressor tumstatin.
Tumstatin inhibits EC proliferation and induces apoptosis through its anti-
angiogenic properties (Hamano et al. 2003; Quintero-Fabian et al. 2019).

Pericytes release low levels of chemokines spontaneously. After stimulation by
inflammatory molecules such as lipopolysaccharide, the production of chemokines
and cytokines by pericytes is significantly increased (Kovac et al. 2011). Interleukin
(IL)-12 is a pro-inflammatory cytokine and pericyte-related protein with anti-
angiogenic properties (Colombo and Trinchieri 2002). IL-12 production induced
anti-tumor immune responses and significantly enhanced survival in a brain metas-
tasis status (Shah et al. 2006; Cody et al. 2012). Extracellular vehicles (EVs) have
emerged as important means of intercellular communication that contribute to the
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interaction of cancer cells with the microenvironment and promote brain metastasis
(Husemann et al. 2008). EVs include a broad range of vesicles including exosomes,
microvesicles, and oncosomes. The metastasis-related interactions of cancer cell-
derived exosomes with BBB-related cells involve the increase of vascular permea-
bility, transfer of EVs to the BBB, and degradation of TJ proteins (Weidle et al.
2017). Contrarily, exosomes from pericytes improved the ability of endothelial cells
to regulate blood flow, reduce edema, decrease MMP-2 expression, increase claudin-
5 expression, and inhibit apoptosis in a study of spinal cord injury (Yuan et al. 2019).

The primary function of pericytes is stabilizing the function of the BBB. By
contrast, cancer cells can activate pericytes to participate in pathological angiogen-
esis and thus promote brain metastasis progression. It is important to understand
both the stimulatory and inhibitory effects of pericytes on cells to reveal the mecha-
nism of brain metastasis.

3.3 Invitro BBB Model

To achieve hematogenous brain metastasis formation, tumor cells must adhere to
the luminal surface of endothelial cells, migrate to the endothelial monolayer, and
then grow in the brain parenchyma (Heyder et al. 2002; Kienast et al. 2010). The
BBB plays a crucial role in hematogenous metastasis as the gateway to tumor cells.
The BBB is a highly specialized system that maintains brain homeostasis. Brain
capillary endothelial cells (BECs) are tightly sealed by TJs, and they express spe-
cific transporters and receptors that properly control and regulate the passage of
substances and cells from peripheral fluids into the brain (Abbott et al. 2010; Zhao
et al. 2015). BBB properties are induced and maintained through crosstalk between
BECs and surrounding elements of the neurovascular unit (NVU), namely peri-
cytes, astrocytes, microglia, and neurons (Zhao et al. 2015; Liebner et al. 2018). In
the process of brain metastasis formation, the crosstalk between components of the
NVU and tumor cells may act as both a progressive and suppressive factor of metas-
tasis depending on its response to interacting factors. Hence, studies of the interac-
tion between components of the NVU and tumor cells may provide new insights
into the mechanisms of brain metastasis.

Among the NVU components, astrocytes were the first to be recognized as regu-
lators of brain endothelial characteristics and function (Abbott et al. 2006; Haseloff
et al. 2005). As astrocytes represent a fundamental BBB cell type that maintains
BBB properties, their dysfunction disrupts BBB function and disturbs brain homeo-
stasis (Liebner et al. 2018; Parkes et al. 2018). In that sense, astrocytes appear to
have an important role in restricting the migration of tumor cells by maintaining
BBB function under physiological conditions. Conversely, previous studies indi-
cated that the interaction between astrocytes and metastatic cancer cells stimulates
transmigration and subsequent tumor growth (Lorger and Felding-Habermann
2010). Metastatic tumor cells affect the functions and characteristics of astrocytes
through secreted factors and/or stimulation through direct contact (Brandao et al.
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2019; Henrik Heiland et al. 2019). Furthermore, tumor cell-stimulated astrocytes
produce several soluble factors and cytokines that stimulate cancer cell proliferation
in the brain parenchyma (Henrik Heiland et al. 2019; Shumakovich et al. 2017).
Accordingly, it is considered that the bidirectional interaction between astrocytes
and tumor cells is important to the success of metastasis formation.

Compared with the role of astrocytes, the role of brain pericytes in brain metas-
tasis is not well understood. Pericytes are the cells situated closest to BECs morpho-
logically, and they share a common basement membrane. Accumulated evidence
indicates that pericytes have several important roles in NVUs. The roles of pericytes
in NVUs are (Patel and Mehta 2007) stabilizing vascular formation, (Gril et al.
2010) maintaining BBB function, (Wasilewski et al. 2017) regulating blood flow
through a synergistic relationship with neuronal activation, (Bergers and Song
2005) and acting as immune-like cells (Sweeney et al. 2016; Su et al. 2019). In addi-
tion, pericyte dysfunction may lead to numerous CNS diseases including neurode-
generation, cerebrovascular diseases, and injury (Sweeney et al. 2016). Although
the mechanism by which pericytes regulate brain metastasis is poorly understood,
considering the important role of pericytes in NVUs, pericytes may play a critical
role in brain metastasis by interacting with metastatic cancer cells.

Among several methods to elucidate the role of pericytes in brain metastasis
formation such as in vitro studies, animal models, and analyses of human speci-
mens, cell culture-based BBB models are widely accepted as powerful tools for
evaluating the interaction between BBB cells and tumor cells. /n vitro BBB models
are particularly effective for elucidating the mechanisms of cancer cell extravasa-
tion and the survival of cancer cells in the brain environment. To examine the mech-
anism of brain metastasis using in vitro BBB models, it is necessary to secure a
niche for the development of metastasis in the cerebral parenchyma. Accordingly,
we consider that the triple co-culture model consisting of endothelial cells, peri-
cytes, and astrocytes is a suitable model for mimicking the process of hematogenous
brain metastasis formation (Nakagawa et al. 2009; Nakagawa and Aruga 2019). We
examined the role of pericytes in brain metastasis using a series of in vitro co-
culture models. KNS62 cells, which were derived from the brain metastasis of a
patient with squamous cell carcinoma of the lungs, significantly decreased the bar-
rier function of triple co-cultured models compared with the effects of the non-
metastatic cell line A549. Conversely, the reduction of barrier function induced by
KNS62 cells was decreased in the co-culture model composed of endothelial cells
and pericytes (Fujimoto et al. 2020). These data suggest that pericyte-derived fac-
tors and/or the interaction between endothelial cells-pericytes and cancer cells sup-
presses barrier disruption, thereby suppressing the transmigration of cancer cells.
The TJ function of the BBB is a fundamental property. TJs both regulate paracel-
lular permeability and play a role in the regulation of cancer cell motility. Other
studies revealed that TJs influence brain metastasis by regulating the proliferation
and migration of a brain microvascular endothelial cell line (Jia et al. 2014; Ma
et al. 2017). Considering the role of pericytes in the maintenance of TJ function
(Sweeney et al. 2016; Nakagawa et al. 2009), pericytes may regulate the migration
of cancer cells into the brain parenchyma under physiological conditions. In fact,
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pericytes appear to regulate cancer cell survival in the endothelial lumen. To form
brain metastases, tumor cells need to survive intravascularly for some time (Kienast
et al. 2010; Lorger and Felding-Habermann 2010). Some surviving cells may start
proliferating on endothelial cells, and some of these cells transmigrate into the brain
parenchyma. Fujimoto et al. examined the effect of pericytes on the survival of can-
cer cells in the endothelial lumen using an endothelial cell-pericyte co-culture
model. When endothelial cells and pericytes were co-cultured with tumor cells,
pericytes suppressed the proliferation of cancer cells on the endothelial cells. Of
interest, these findings were related to soluble factors derived from tumor cell-
stimulated pericytes but not pericytes alone (Fujimoto et al. 2020). Therefore, under
physiological conditions, pericytes may play a critical role in the elimination of
tumor cells in the vasculature.

Contrarily, there is little evidence regarding the interaction of pericytes and
tumor cells after extravasation. The survival of extravasated tumor cells is extremely
restricted in the brain environment, and only a small population survives. Recent
studies indicated that surviving tumor cells tend to attach to the extraluminal surface
of blood vessels (Heyder et al. 2002; Kienast et al. 2010); in particular, the vascular
basement membrane is a key component of tumor cell survival (Valiente et al. 2014;
Yoshimasu et al. 2004). As pericytes are located on the extraluminal surface of
endothelial cells and they produce several extracellular matrix proteins, they are
undoubtedly involved in the crosstalk of metastatic cancer cells with the brain
microenvironment. Several studies suggested the important role of pericytes in
brain metastasis. The multipotent stemness of pericytes may be associated with the
proliferation of tumor cells (Ribeiro and Okamoto 2015). In addition, pericytes
enhance the proliferation and migration of triple-negative breast cancer cells in vitro
(Bagley et al. 2005). Meanwhile, the role of pericytes in vascularization in the
brain-tumor barrier (BTB) has been well reported (Wilhelm et al. 2018; Ribeiro and
Okamoto 2015; Chen et al. 2016). These findings indicated that the properties of
pericytes differ between the intact BBB and BTB. Several studies indicated that
BTB pericytes exhibit decreased expression of PDGFR-, a specific protein of peri-
cytes (Uzunalli et al. 2019; Lyle et al. 2016). In addition, another specific marker of
pericytes, regulator of G-protein signaling 5 (RGSY), has been reported as a master
gene responsible for the abnormal tumor vascular morphology (Hamzah et al.
2008). Although RGS proteins act as inhibitors of G-protein-coupled receptor sig-
naling by stimulating the GTPase activity of activated Ga proteins (Hollinger and
Hepler 2002), little is known about the role of RGSS5 in vivo. However, recent reports
described the role of RGSS5 in the vascular system. Specifically, RGSS5 was found to
regulate pericyte maturation and vascular normalization (Berger et al. 2005; Manzur
et al. 2009). In fact, several reports indicated that the loss of RGSS5 in pericytes
reduced vascular leakage and preserved tight junctions in an animal model of stroke
and tumors (Hamzah et al. 2008; Ozen et al. 2018; Roth et al. 2019). Therefore,
elevated RGS5 expression in pericytes might be linked to the induction of BBB
leakage, thereby contributing to the progression of metastasis formation. In addi-
tion, pericytes are known to be heterogeneous depending on their expression mark-
ers, morphology, and origin. On the basis of their subpopulation, pericytes may
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Fig. 3.1 Possible roles of pericytes in brain metastasis. 1. Pericytes derived factors may directly
affect cancer cells in the brain metastasis process. 2. Interaction between endothelial cells and
cancer cells is the first step of the brain metastasis process. As functions of endothelial cells are
maintained by pericytes, pericytes-endothelium interaction has the potential to affect cancer cells
in the brain metastasis process. 3. Pericytes may influence on proliferation of extravasated cancer
cells and vascularization in the brain-tumor barrier through secreted factors and direct contact

have a different function (Birbrair et al. 2013, 2014; Sims 2000; Dias Moura
Prazeres et al. 2017). Birbrair et al. reported that type-2 pericytes (nestin and NG2
proteoglycan double-positive cells) participate in both normal and tumor angiogen-
esis, but type-1 pericytes (nestin negative and NG2 proteoglycan positive cells) did
not participate (Birbrair et al. 2014). These findings indicate that revealing of peri-
cytes subpopulation leads to a deeper understanding of the role of pericytes on pre-
and post-extravasation of cancer cells.

Taken together, although our current knowledge about the role of pericytes in
brain metastasis formation is limited, further understanding of the role of pericytes
in brain metastasis may provide new insights into the development of targeted
inhibitors of brain metastasis. A schema of possible role of pericytes in brain metas-
tasis in presented in Fig. 3.1.

3.4 Differentially Expressed Genes of Pericytes
in Brain Metastasis

Pericytes are heterogeneous cell populations. Organotypic differentiation, func-
tional plasticity, and heterogenic origins have been reported for pericytes (Holm
et al. 2018; Yamazaki and Mukouyama 2018). The phenotypic heterogeneity of
pericytes and the lack of specific molecular markers represent challenges in pericyte
research. Metastasis of tumors is a complex multistep process. Traditionally, brain
metastasis was exclusively recognized as the hematogenous spread/intravascular
dissemination of cancer cells. In this process, multiple processes (invasion, intrava-
sation, transport of circulating cancer cells, extravasation, metastatic colonization,
and angiogenesis), serially occur (Pecorino 2016). Recently, however, the concept
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of distant metastasis occurring along the vessel abluminal surface (angiotropism/
pericytic mimicry [PM]/extravascular migratory metastasis [EVMM]) has been
described (Lugassy et al. 2020). In these multistep processes, multiple biological
mechanisms, such as EMT, cell adhesion, ECM formation, angiogenesis, microen-
vironment formation, maintenance of cancer stem cells, inflammation, immune sur-
veillance, factor secretion (secretome), and their crosstalk, have been implicated in
brain metastasis.

In this section, we summarized pericyte-related molecular factors, especially in
the brain.

3.4.1 Pericyte Origins and Molecular Markers

Adult pericytes are considered to be derived from the mesoderm through pre-
existing mural microvascular cells, blood pluripotent stem cells, tissue progenitor
stem cells, endothelial cells, and tissue myeloid stem cells (Holm et al. 2018). No
general pan-pericytic marker has been established because of the heterogeneity and
organ specificity of pericytes. PDGFR-f is one of the most accepted molecular
markers of pericytes. PDGF-B/PDGFR-f signaling is essential for the proliferation
and recruitment of pericytes to blood vessels (Betsholtz 1995; Lindahl et al. 1997).
Neural glial antigen 2 (NG2) and membrane chondroitin sulfate proteoglycan 4 are
expressed on the pericyte surface, and they are important for vascular pericyte
recruitment. Alpha-smooth muscle actin and desmin are contractile filaments that
have been described as pericyte (or mural cell) markers. RGS5 is a GTPase-
activating protein that has been implicated in vascular remodeling and tumor devel-
opment. Immunohistochemical pericyte markers should be selected depending on
the tissue and microvessel type. The detection of more than two markers and mor-
phological confirmation are recommended for the definition of pericytes, especially
in histological analyses in vivo (Yamazaki and Mukouyama 2018; Harrell
et al. 2018).

Single-cell genome-wide quantitative transcriptomes described the pericyte-
specific 1088 transcriptome of the mouse brain, but pericytes remain poorly defined
(Vanlandewijck et al. 2018).

3.4.2 Cancer-Associated Fibroblasts (CAFs), Angiogenesis,
and Pericytes

CAFs are known to facilitate tumor invasion and metastasis (Kalluri and Zeisberg
2006). The normal brain parenchyma generally lacks fibroblasts, whereas meta-
static lesions have connective tissue. In the specimens from 40 surgically resected
brain metastases, pericytes were considered a source of connective tissue cells
including CAFs (Teglasi et al. 2019).
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PDGF-p/PDGFR-f signaling induced pericyte-to-fibroblast transition (PFT) and
promoted tumor invasion and metastasis. EMT genes were revealed to be activated
in genome-wide array analysis during PFT. PFT cells obtained stromal fibroblast
and myofibroblast markers. Co-implantation of PFT and tumor cells increased
tumor dissemination and invasion (Hosaka et al. 2016).

Perivascular cells (vascular smooth muscle cells and pericytes) lose the tradi-
tional pericyte markers in response to tumor-secreted factors and exhibit increased
proliferation, migration, and ECM production. Kruppel-like factor 4 (KIf4), a stem
cell factor, promoted the less differentiated state and fibronectin-rich pro-metastatic
niche formation (Murgai et al. 2017).

In breast cancer metastasis, CAFs significantly increased the lumen size of blood
microvessels. Inactivation of TGF-f signaling decreased microvessel density, lumen
size, and cancer proliferation. CAFs are less numerous in TGF-p-inactivated
tumors. CAFs enhance vascular coverage by pericytes. TGF-f receptor 1-SMAD
signaling upregulates fibronectin, a prominent regulator of the endothelial cell-
pericyte interaction (Zonneville et al. 2018).

Thus, pericytes are almost certainly an important source of fibroblasts in meta-
static brain tumors. CAFs provide a metastasis-promoting microenvironment for
cancer cells. EMT is implicated in ECM-producing processes. Cancer-fibroblast-
vascular crosstalk activates tumor angiogenesis (De Palma et al. 2017).

A molecular atlas revealed the existence of fibroblast-like cells in the mouse
brain, and thus, further research is required (Vanlandewijck et al. 2018).

3.4.3 Angiogenesis Patterns and Pericytes

Six patterns of angiogenesis-related processes (sprouting angiogenesis, vasculogen-
esis from endothelial precursor cells, tumor cell endothelial cell differentiation,
intussusceptions, vascular co-option, and vascular mimicry) have been described in
tumors. The latter three processes are independent of VEGF, and they can promote
resistance to VEGF inhibitors (Carmeliet and Jain 2011). Pericyte-covered tumor
vessels were implicated in the resistance to anti-angiogenic therapy at least in the
field of glioma research (Lu-Emerson et al. 2015). Terms and definitions of angio-
genesis are listed in Table 3.1.

Pericytes regulate both angiogenesis and vascular permeability in tumor vessels
(Harrell et al. 2018). The paucity of stable pericyte-endothelial cell interactions
enables sprouting angiogenesis, but it also generates a dysfunctional vascular net-
work (De Palma et al. 2017). In an in vivo lung cancer brain metastasis model, the
desmin-positive pericyte subpopulation was larger in the BTB than in the BBB. The
desmin-positive pericyte subpopulation was related to high vascular permeability
(Uzunalli et al. 2019; Lyle et al. 2016). However, the BTB remained a significant
impediment to standard chemotherapeutic delivery in breast cancer brain metastasis
(Lockman et al. 2010). Muscle derived nestin positive/NG2 positive pericytes were
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Table 3.1 Terms and definitions of angiogenesis

Term Definition

Vascular co-option a non-angiogenic process whereby tumor cells hijack pre-existing
blood-vessels*

Angiotropism/pericytic | An embryologically derived mechanism of continuous extravascular
mimicry/ extravascular | tumor cell migration without entrance into vascular channels. (1)
migratory metastasis Tumor cells are recruited along the abluminal vascular surface instead
of pericytes and replace pericytes; (2) Tumor cells migrate along the
abluminal vascular surface®

Vascular (vasculogenic) | An angiogenic process whereby tumor cells organize themselves into
mimicry vascular-like structures for the obtention of nutrients and oxygen
independently of normal blood vessels or angiogenesis®

*Kuczynski EA, Vermeulen PB, Pezzella F, Kerbel RS, Reynolds AR. Vessel co-option in cancer.
Nat Rev. Clin Oncol. 2019;16 (8):469-93

"Lugassy C, Kleinman HK, Vermeulen PB, Barnhill RL. Angiotropism, pericytic mimicry and
extravascular migratory metastasis: an embryogenesis-derived program of tumor spread.
Angiogenesis. 2020;23 (1):27-41

¢Fernandez-Cortes M, Delgado-Bellido D, Oliver FJ. Vasculogenic Mimicry: Become an
Endothelial Cell “But Not So Much”. Front Oncol. 2019;9:803

reported to migrate into glioblastoma lesion and promote sprouting angiogenesis in
mouse, but nestin negative pericytes did not implicated in the angiogenesis (Abbott
et al. 2010). Therefore, pericyte heterogeneity might be considered in angiogenesis
and pre-metastatic microvasular niche. In a mouse lung pericyte model, fibroblast
growth factor 2 (FGF2) induced pericyte proliferation and migration through direct
effects on FGF receptor 2 signaling and indirect effects of PDGFR-f signaling on
pericytes (Hosaka et al. 2018). However, it is unknown whether these processes
occur in brain metastatic lesions, especially in vivo.

Pericytes weakly but consistently express the epithelial-specific protein receptor
tyrosine kinase inhibitor 2 (Tie2). Pericytes are transformed into a pro-migratory
phenotype via Tie2 inhibition. Tie2 controls sprouting angiogenesis and vascular
maturation. Tie2 downstream signaling in pericytes includes calpain, Akt, and fork-
head box O3A signaling. Tie2 inhibition strongly promotes tumor growth (Teichert
etal. 2017). Therefore, pericytes may either promote or suppress metastasis in terms
of angiogenesis in the microenvironment.

3.4.4 Angiotropism/PM/EVMM and Pericytes

The angiotropism/PM/EVMM concept was first established in melanoma studies.
PM was suggested to occur in eight patients with metastatic brain melanomas
(Rodewald et al. 2019). Melanoma cells migrated along pre-existing vessels into the
brain, exhibiting angiotropism/vascular cooption and PM (Lugassy et al. 2020). The
pericyte-like spread of cancer cell lines (from lung cancer, breast cancer, renal cell
carcinoma, and colon cancer) was reported to activate Yes-associated protein (YAP)
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and myocardin-related transcription factor via cell adhesion molecule L1 (L1ICAM)
mechanotransduction signaling for metastatic colonization. LICAM activated YAP
by engaging P1 integrin and integrin-linked kinase. Metastatic cell-initiated out-
growth was reported to occur via LICAM-YAP signaling in the perivascular micro-
environment (Er et al. 2018). Pericytes also used L1CAM for perivascular spreading.
Thus, pericyte function during PM is considered to competitively inhibit metastasis
(Lugassy et al. 2020).

Two comprehensive gene analyses were performed for melanoma PM. Microarray
analyses of tissue from 66 patients with melanoma uncovered 128 differentially
expressed genes (DEGs), and 15 genes were considered critical for angiotropism/
PM (Lugassy et al. 2011). These 15 genes were classified according to their rela-
tionships with cell migration, cell motility, and neurotropism (Table 3.2). In 28
DEGs from the in vitro co-culture model of PM, 20 genes exhibited properties
linked to (i) cell migration, (ii) cancer progression and metastasis, (iii) EMT, (iv)
embryonic and/or cancer stem cell properties, (v) pericyte recruitment, and (vi)
inflammation (Lugassy et al. 2013) (Table 3.2).

These cDNA data were not derived from pericytes, and thus, the direct implica-
tion of pericytes in angiotropism/PM/EVMM remains to be explored.

3.4.5 Immune Evasion in the Tumor Microenvironment
and Pericytes

Immature pericytes in tumors can promote local immunosuppression in glioma and
other malignant tumors (Gaceb and Paul 2018; Ochs et al. 2013; Paiva et al. 2018).
Melanoma-derived vascular pericytes induced CD4-positive T cell dysfunction or
anergy, thereby participating in the subversion of immunosurveillance associated
with tumor progression compared with the findings in control kidney pericytes. The
immunoregulatory function of pericyte appeared to be reinforced by IL-6 and
required the intrinsic expression of RGS5 in the tumor microenvironment (Bose
et al. 2013). The role of pericytes in the tumor microenvironment appears to involve
the immunosuppression of T cell activity and promotion of tumor growth in glioma
(Ochs et al. 2013). It remains unknown whether the same or similar process occurs
in metastatic brain tumors.

Further studies are needed to apply immunotherapy for brain malignant tumors.
In summary, pericytes may either promote or suppress the proliferation of meta-
static tumor cells in context-dependent manners.
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Table 3.2 The cDNA microarray differentially expressed gene analysis of Angiotropism/ Pericytic
mimicry in melanoma studies

Author,
Year

Evaluation

Control

Differentially expressed genes related to
angiotropism/PM

Lugassy
2011

Human
angiotropic
melanoma

Human non-
angiotropic
melanoma

Neural crest migration: <Ups>TCOF1,
NEIL3, HMMR, <Downs>AHNAK,
KCTDI11, CEBPA, AQP3

Cell migration of other malignant tumors
with neural crest origin :<Ups> ECT2,
GLS, <Downs> AGAP2,

Cell motility and/or migration:
<Ups>DBF4, FNBP1L, <Downs> FGD3,
F10

Neurotropism: <Ups>KIF14

Lugassy
2013

Co-cultured
endothelial and
melanoma cells

Endothelial cell
alone, and
Melanoma cell
alone

Cell migration : <Ups>CCL2, ICAMI, IL6,
PDGFB. <Downs>RGNEF, RANBP9
Cancer progression and metastasis:
<Ups>CCL2, ICAMI, SELE, TRAFI, IL6,

SERPINB2, CXCL6, <Downs>BLID,
MALTI1, UPF1, PLAA, RGNEF, ZXDC
EMT : <Ups>CCL2, IL6, ICAM1, PDGFB
Embryonic and/or cancer stem cell
properties: <Ups>CCL2, PDGFB, EVX1,
<Downs>CFDP1, RANBP9

Pericyte recruitment : <Ups>PDGFB
Inflammation : <Ups>CCL2, IL6, TRAFI,
CXCL6, SELE, ICAM1, SERPINB2,
SLC7A2, C2CD4B, PDGFB

In these studies, direct implication of pericytes still remains to be solved

Abbreviations: AGAP2, centaurin gamma 1. AHNAK, homo sapiens nucleoprotein AHNAK or
desmoyokin. AQP3, aquaporin 3. BLID, BH3-like otif-containing cell death inducer. C2CD4B, C2
calcium dependent domain-containing protein 4B. CCL2, chemokine ligand 2. CEBPA, CCAAT/
enhancer-binding protein alpha. CFDPI, craniofacial development protein 1. CXCL6, chemokine
ligand 6. DBF4, activator of S-phase kinase, homo sapience DBP4 homologue (S.cerevisiae).
Downs, down-regulated genes. ECT2, epithelial cell transforming sequence 2 ongogene. EMT,
endothelial-mesenchymal transition. EVX/, even-skipped homeobox 1. F10, coagulation factor 10.
FGD3, fyve, RhoGEF, and PH domain-containing protein 3. FNBPIL, formin-binding protein
1-like. GLS, glutaminase C. HMMR, hyaluronan-mediated motility receptor. /CAM 1, intercellular
adhesion molecule 1. /L6, interleukin 6. INHBA, inhibin beta A. KCTD1 1, potassium channel tet-
rameriation domain-containing protein 11. KIF[4, kinecin family member 14. MALTI, mucosa-
associated lymphoid tissue lymphoma translation gene 1. NEIL3, endonuclease VII-like 3.
PDGFB, platelet derived growth factor beta. PM, pericytic mimicry. PLAA, phospholipase
A2-activating protein. RANBP9, RAN binding protein 9. RGIMTD6, RNA (guanine-9-) methyl-
transferase. RGNEF, 190 k-Da guanine nucleotide exchange factor. SELE, selectin E. SERPINB2,
serpin peptidase inhibitor, clade B, member2. SLC7A2, solute carrier family 7, member2. TCOF 1,
Treacher Collins syndrome 1. UPFI, UPF1 RNA helicase and ATPase. Ups, up-regulated genes.
TRAF 1, TNF receptor-associated factor 1. ZNF254, zinc finger protein 254. ZXDC, ZXD family
zinc finger protein C
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3.5 Pericyte and Regenerative Medicine

3.5.1 Pericytes Represent One Origin of Neural Stem/
Progenitor Cells After Ischemic Stroke

The origin of pericytes is debatable. Korn et al. reported that cranial neuroectoder-
mal cells differentiated into vascular smooth muscle cells and pericytes (Korn et al.
2002). Yamanishi et al. also reported that neural crest-derived cells invaded the tel-
encephalon from the mesenchyme together with endothelial cells and differentiated
into pericytes in the brain vasculature (Yamanishi et al. 2012). In line with these
findings, one of the origins of pericytes is the ectoderm. Another origin is the mes-
enchyme, and hemangioblasts were reported to differentiate into both pericytes and
endothelial cells (Rolny et al. 2005; Rucker et al. 2000). Recently, Yamamoto et al.
reported that mature macrophages recruited from yolk sac trans-differentiated into
cerebrovascular pericytes in the early vascular development in the CNS (Yamamoto
etal. 2017). Pericytes play an important role in cerebrovascular morphology. During
development, a lack of pericytes is reported to lead to endothelial hyperplasia and
the formation of microaneurysm (Hellstrom et al. 2001). Regarding function, peri-
cytes represent one component of the BBB, and they play an important role in main-
taining the permeability of the BBB (Armulik et al. 2010). After ischemic stroke,
pericytes protect the BBB and decrease brain edema (Zhang et al. 2011). In addi-
tion, neovasculature covered with pericytes, termed mature vessels, exhibit
decreased microglia/macrophage infiltration after ischemic stroke; therefore, these
matured vessels affect anti-inflammation and functional recovery after stroke
(Yamaguchi et al. 2018; Bell et al. 2010).

Recently, pericytes were reported to have other roles such as multipotent stem
cells after stroke. During embryonic development, pericytes express nestin, a marker
of stem cells. Nestin expression decreases gradually during embryonic development
and finally disappears after birth (Nakano-Doi et al. 2016). Concerning neural stem
cells, it is well known that the subventricular zone (SVZ) of the lateral ventricle and
the subgranular zone of the dentate gyrus of the hippocampus are major locations at
which neural stem cells exist in the adult rodent brain. During CNS development,
neuroepithelial cells in the subependymal layer proliferate and differentiate into
neuronal precursors, and then they migrate into the neocortex from the subependy-
mal layer. This is consistent with the localization of neural stem cells. It was also
reported that neural stem cells migrated from the subventricular zone to the peri-
infarct area via the rostral migratory stream and reactive astrocytes guided neural
stem cells into close proximity to the infarct core after ischemic stroke (Saha et al.
2013). However, all neural stem cells that play a role in brain repair after stroke do
not arise from the SVZ. After ischemic stroke, pial cells generate nestin-positive
cells in the pia mater at the site of stroke (Jung et al. 2011). Some of these nestin-
positive cells express NG2 and PDGFR-f, which are markers of microvascular peri-
cytes, and migrate into the infarct cortex. These cells, termed ischemic pericytes
(iPCs), form a neurosphere-like cell cluster in response to basic fibroblast growth
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factor and epidermal growth factor in vitro, and they exhibit neural stem/progenitor
cell activity (Nakagomi et al. 2011; Dore-Dufty et al. 2006). These cells differenti-
ate into Tujl-positive neurons in neural conditioned medium. Both rodent and
human pericytes expressed neuronal lineage features. When normal human iPCs
were cultured under oxygen/glucose deprivation, they also formed neurosphere-like
cell clusters and expressed Sox-2, Tujil, and MAP (Nakagomi et al. 2015). iPCs
expressed reprogramming factors, including c-Myc, Klf4, and Sox-2, in polymerase
chain reaction (PCR). These iPCs differentiate into both neural stem cells and mes-
enchymal angioblasts. When these iPCs were cultured in endothelial conditioned
medium, they expressed Flk1 and CD31 via mesenchymal angioblasts, and they
differentiated into mature endothelial cells. Furthermore, when iPCs were cultured
in neurobasal medium, they expressed Iba-1. PDGFR-f and Iba-1 double-positive
cells were observed in perivascular lesion in infarct areas after ischemic stroke. As
these cells did not express CD68, a marker of perivascular macrophages, iPCs were
also considered to differentiate into microglia with phagocytic functions (Kwon
1997; Sakuma et al. 2016). These facts indicated that pericytes acquired stemness
through reprogramming and gained the capability to differentiate into various cells
in response to ischemia, thereby playing an important role in endogenous brain
repair following ischemic stroke.

3.5.2 Pericytes in Brain Tumors

In metastatic brain tumors, pericytes act both positively and negatively. When dis-
seminated cancer cells (DCCs) formed a tumor mass in the brain, metastatic, they
require perivascular localization, which provides oxygen, nutrition, and growth fac-
tors to promote their growth in the brain (Rafii et al. 2016; Morrison and Scadden
2014). As a first step of perivascular colonization by DCCs, the cells must compete
with and dislodge pericytes. DCCs grow and spread through LICAM, a cell adhe-
sion molecule that is also used by pericytes for perivascular spread (Er et al. 2018).
Pericytes were also reported to prevent brain metastasis by lung cancer by enhanc-
ing BBB and secreting mediators. Thus, pericytes play an important role in prevent-
ing cancer metastasis.

However, once cancer cells can colonize the brain, pericytes might promote
tumor formation. Indeed, VEGF and PDGF-f3 produced by tumor cells increase the
number of tumor vessels covered by pericytes (Wang et al. 2016; Buttigliero et al.
2016), and this angiogenesis facilitates tumor growth. Tumor growth is also pro-
moted through vasculature co-option, indicating that tumors infiltrate normal tissue
and adopt the pre-existing vasculature (Plate et al. 2012). This co-option is consid-
ered one of the causes of resistance to anti-angiogenesis treatment (Bridgeman et al.
2017). Because the vessels are pre-existing, anti-angiogenesis treatments such as
bevacizumab are ineffective against these co-opted vessels. Pericytes promote
tumor co-option via Cdc42 activation in glioblastoma multiforme (GBM).
Contrarily, inhibition of Cdc42 activity decreases co-option and induces the
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transformation of pericytes into macrophage-like cell, which have anti-tumor effects
(Caspani et al. 2014). This co-option was also observed in metastatic tumors, and
thus, pericytes can be targeted to prevent blood vessel co-option.

In cancer recurrence, mesenchymal stem cells (MSCs) and pericytes were
reported to migrate into tumors in response to inflammatory mediators produced by
damaged tissue (Kidd et al. 2012). After radiotherapy in lung cancer, stromal cell
derived factor-1a and PDGF-p levels were increased in tumors, and MSCs differen-
tiated into pericytes (Wang et al. 2016). These pericytes contributed to vascular
network formation, termed vasculogenesis, thereby leading to tumor growth
(Folkman 2007). Contrarily, over-expression of PDGF-f in colorectal and pancre-
atic cancer cells inhibited tumor growth by increasing the coverage of endothelial
cells by pericytes (McCarty et al. 2007). Thus, the role of pericytes might differ by
tumor type.

3.5.3 Pericytes and Regenerative Medicine in Brain Tumor

As pericyte transplantation in amyloid model mice increased cerebral blood flow
and decreased amyloid-beta levels in the treated hemisphere, cell therapy using
pericytes has potential use in the treatment of Alzheimer’s disease (Tachibana et al.
2018). Although one report examined the transplantation of pericytes in ischemic
stroke (Youn et al. 2015), research only pericyte transplantation is limited. Many
reports concerning stem cell transplantation revealed the enhancement of endoge-
nous or transdifferentiated pericytes (Yamaguchi et al. 2018; Pisati et al. 2007,
Garbuzova-Davis et al. 2017).

Stem cell transplantation therapy for brain tumor has two anti-tumor effects. The
first anti-tumor effect is the inhibition of brain tumors by stem cells. A few reports
described positive effects. In human-skin derived stem cell transplantation model
for GBM, stem cells differentiated into pericytes. These cells upregulated TGF-f1
and downregulated VEGF, thereby inhibiting tumor invasion and angiogenesis and
leading to decreased tumor growth (Pisati et al. 2007). This is consistent with a
report that pericyte coverage inhibits the invasion of prostate cancer cells (Welen
et al. 2009). In another report, the authors focused on the maintenance effect of
MSCs on the BBB. They hypothesized that enhanced BBB integrity might decrease
inflammation, inflammatory factor production, and tumor-associated macrophage
numbers. These effects might decrease tumor growth by decreasing the number of
blood vessels (Kaneko et al. 2015). The second anti-tumor effect involves the tumor-
topic ability of stem cells. Ordinary, transplanted stem cells tend to localize at tumor
sites. When stem cells with anti-tumor effects are generated through bioengineering
techniques and transplanted in the brain, they localize at tumor site and exert anti-
tumor effects (Bagci-Onder et al. 2015; Zhao et al. 2012; Mooney et al. 2018;
Binello and Germano 2012). However, this strategy has some problems. Stem cell



3 Biology of Pericytes — Recent Advances: Role of Pericytes in Brain Metastasis 91

transplantation ordinarily enhances angiogenesis by increasing various trophic fac-
tor (Yamaguchi et al. 2018; Horie et al. 2011). In addition, stem cell carry a risk of
tumorgenicity (Serakinci et al. 2004). It was also reported that pericytes can be
converted from tumor-suppressing to tumor-promoting cells through contact-
dependent interactions with GBM cells (Caspani et al. 2014). Transplanted stem
cells have the potential to support tumor growth. Further investigation is needed.

3.6 Summary

Despite representing more than half of all brain tumors encountered clinically, brain
metastases have been historically understudied. Meanwhile, the primary impedi-
ment to the effective treatment of brain metastases is the blood-brain barrier. Given
that little is known regarding the role of pericytes in brain tumor formation, this
review sought to clarify current knowledge on the biology of these cells. Our find-
ings indicated that pericytes have a key role in the function of the blood-brain bar-
rier, whereas tumor cells can induce pericytes to promote the development and
progression of brain metastasis through pathological angiogenesis. Based on the
findings of this review, pericytes could represent a key cellular target for the treat-
ment and prevention of brain metastasis. These data provided new insights into the
biology of pericytes and their potential roles in the pathogenesis of brain metastasis.
These findings should spur additional studies to better clarify the mechanisms by
which pericytes promote brain metastasis and stimulate the development of treat-
ment strategies targeting these cells.
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Chapter 4
Effects of Cytomegalovirus on Pericytes

Donald J. Alcendor

Abstract

Introduction

Human cytomegalovirus (HCMV) is a member of Betaherpesvirus family and is the
leading infectious cause of neurosensory hearing loss, vision loss and neurocogni-
tive disability among congenitally infected children. HCMV is a ubiquitous central
nervous system (CNS) pathogen that causes significant morbidity and mortality in
individuals that are immune compromised. Even more, HCMV is an important
opportunistic pathogen that can cause life threatening disease in HIV patients and
transplant recipients. HCMV has broad tropism for multiple cell types including
cells of the vascular barrier systems. My aim is to explore HCMV infectivity in
human vascular pericyte populations with implications for its role in human vascu-
lar diseases.

Methods

Human primary low passaged pericyte populations were examined for HCMV
infectivity along with controls by means of phase microscopy, immunofluorescence,
immunohistochemistry, electron microscopy, real-time reverse-transcription poly-
merase chain reaction (RT-PCR), and quantitative RT-PCR (qRT-PCR), the proin-
flammatory cytokines assay, and HCMV-GFP recombinant virus.

Results

I have discovered that human vascular pericytes from multiple barrier systems that
includes the blood brain barrier (BBB), inner blood retinal barrier (IRRB), glomeru-
lar barrier, and pericytes of vascular systems of the placenta, and adipose tissue are
fully permissive for HCMYV lytic replication. I also observed consistent induction of
proinflammatory and angiogenic cytokines after HCMV infection in all of these
pericyte populations. Even more, I have examined murine retinal pericyte and found
that they are also permissive for mouse cytomegalovirus (MCMV) lytic
replication.
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Conclusions

The mechanisms associated with HCMYV infection and the increased risks for the
development of vascular diseases requires further investigation. Studies have shown
that people exposed to HCMYV infection had higher risk for vascular disease. There
are antivirals that can effectively inhibit HCMV replication thus therapeutic modali-
ties designed to specifically protect pericytes populations from HCMV infection
could impact vascular disease outcomes especially among the elderly and immune
compromise patients.

Keywords Pericytes - HCMV - Cytomegalovirus - Infection - Inflammation -
Brain - Placenta - Kidney - Ocular disease - Adipose - Liver - Stellate cells -
Neurovascular unit - Latency - Neurodegenerative disease - Virus replication

4.1 Introduction

Cytomegalovirus is the most common congenital virus infection in the world.
HCMV congenital infections in newborn infants ranges from 0.5% to 0.7% in
developed countries and from 1 to 2% in developing countries (Kenneson and
Cannon 2007). Approximately 13% of newborns with congenital HCMV are symp-
tomatic at birth and have clinical presentations that includes microcephaly, intra-
uterine growth restriction, seizures, brain calcifications, hepatosplenomegaly,
thrombocytopenia and chorioretinitis (Dollard et al. 2007). Congenital human cyto-
megalovirus (HCMV) infections can result in abnormalities including intrauterine
growth restriction (IUGR), vision loss, neurocognitive disability, motor deficits,
seizures, and hearing loss (Nigro and Adler 2011; Stagno et al. 1986). Forty percent
of mothers with primary HCMYV infection during gestation transmit the infection to
their babies (Boppana et al. 1992, 2005). Even more, 58% of transplacental trans-
mission of HCMV occur in women who are seropositive with non-primary maternal
infections (Kylat et al. 2006; Boppana et al. 2005). Annually, about 1 out of 200
babies in the US are born with congenital HCMV (Pass and Anderson 2014; Pass
et al. 2006; Enders et al. 2011; Wang et al. 2011). Preventing congenital HCMV is
a public health priority (Rawlinson et al. 2017). HCMV not only causes life-threat-
ening disease in immunocompromised individuals (Lichtner et al. 2015; Beam et al.
2014), but also HCMV-associated pathologies that lead to long-term health risks
represents an important health disparity in underserved communities. Higher infec-
tion rates are observed among non-Hispanic Blacks and Mexican Americans than
among non-Hispanic Whites (Colugnati et al. 2007). Higher frequencies of new
HCMV infections were found among non-Hispanic Blacks and Mexican Americans
compared to Whites, and primary infections among adolescent girls 12—19 years of
age were 50x more likely in seronegative non-Hispanic Blacks and 15x more likely
in seronegative Mexican Americans than in non-Hispanic Whites (Colugnati et al.
2007). Higher rates of primary maternal infections among ethnic minorities resulted
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in increased rates of congenital disease, perinatal morbidity and higher health care
expense.

The human blood-brain barrier (BBB) consists of brain microvascular endothe-
lial cells, brain vascular pericytes, and astrocytes; together they are known as the
neurovascular unit (NVU). Pericytes of the BBB play an essential role in a range of
microvascular functions, including angiogenesis, vascular remodeling, regression,
and stabilization, as well as generation and maintenance of the BBB (Bergers and
Song 2005; Armulik et al. 2010, 2011; Hamilton et al. 2010). My studies have
revealed that primary human pericytes from vascular compartments of the brain,
retina, glomerulus, placenta, and adipose tissue are all permissive for HCMV lytic
replication. Even more, I have observed that the pericyte component in vascular
compartments of the brain, retina, glomerulus (mesangial cells/pericyte of the
glomerulus) and placental vascular pericytes are the most permissive cell type for
HCMYV infection when compared to other related cells types (Alcendor et al. 2012;
Wilkerson et al. 2015; Popik et al. 2019; Aronoff et al. 2017). I also find consistent
upregulation of proinflammatory cytokines in these pericyte populations post
HCMYV infection when compared control cells (Alcendor et al. 2012; Wilkerson
et al. 2015; Popik et al. 2019; Aronoff et al. 2017). This permissiveness for HCMV
infection occurs across species as demonstrated when I used murine retinal peri-
cytes and mouse cytomegalovirus (MCMYV). The connection between HCMV and
vascular disease has been well documented. The molecular mechanisms that gov-
erns HCMYV universal tropism for human pericytes populations had not been appre-
ciated. Therefore the impact of HCMYV infection on pericyte populations and its role
in the development and progression of vascular disease requires further investiga-
tion. Insights obtained from these studies could provide new information for devel-
oping novel therapeutic approaches for stroke and other disorders with a
neurovascular vascular component, including Alzheimer’s disease and Parkinson
Disease.

4.2 Cytomegalovirus Biology

It was Hugo Ribbert who in 1881 discovered the first evidence of “cytomegalia” as
inclusions in human kidney and parathyroid gland cells (Ribbert 1904). Many years
later it was collaborations between Smith, Rowe, and Weller in 1956 and 1957 that
the virus was first isolated and referred as cytomegalovirus (Smith 1956; Rowe et al.
1956; Weller et al. 1957). Human cytomegalovirus or human herpesvirus type-5
(HHV-5) is a member of the human Herpesvirus family in the order Herpesvirales,
in the family Herpesviridae, and in the subfamily Betaherpesvirinae (Brito and
Pinney 2020). HCMYV, has a lipid bilayer enveloped and a protective viral tegument
protein layer with an icosahedral capsid (Fig. 4.1a) and an electron dense viral core
(Fig. 4.1b) (Yu et al. 2017). HCMV has a double-linear stranded DNA genome of
about 235 kb (Marti-Carreras and Maes 2019).
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Fig. 4.1 HCMV virion structure. (a) Features of the HCMV virion structure showing viral cap-
sid, glycoprotein spikes, viral tegument protein, DNA genome, and viral membrane (b) Scanning
electron micrograph showing the HCMV virion structure with black arrows pointing to the lipid
bilayer membrane

The seroprevalence of HCMV world-wide is between 45% and 100% in adult
populations (Cannon et al. 2010). HCMYV can cause primary infections in immuno-
competent individuals in the form of a mononucleosis-like syndrome (Alberola
et al. 2000). Most often these infections are asymptomatic but the virus can estab-
lish life-long latency and can reactivate in immunosuppressed individuals (Heald-
Sargent et al. 2020). Even more immunocompetent individuals will often shed virus
intermittently throughout the life time without clinical disease (Vancikovd and
Dvorak 2001). The primary target cells of HCMV are monocytes, lymphocytes, and
epithelial cells, and the virus establishes latency as circularized episomes inside the
nuclei of bone marrow progenitor cells that are CD33+ and CD34+ as well as
peripheral blood mononuclear cells (Schottstedt et al. 2010; Collins-McMillen et al.
2018; Sinclair and Sissons 2006). However, HCMV has been shown to infect fibro-
blasts; epithelial, endothelial, stromal cells, and smooth muscle cells (Haspot et al.
2012); and adipocytes (Bouwman et al. 2008). Our recent studies suggest that vas-
cular pericytes are primary target cells for HCMV and likely serve as amplification
reservoirs for HCMV replication in multiple vascular bed. HCMYV is a ubiquitous
opportunistic pathogen and most notably HCMV can cause severe life-threatening
disease in the HIV patient that goes undiagnosed or who is untreated for their HIV
disease, the transplant patient under iatrogenic immunuosuppression, and a child of
an infected mother that acquires a primary infection early in pregnancy (Boeckh and
Geballe 2011). Viral latency and reactivation from latency along genetic strain vari-
ation that occurs among clinical strains of HCMV represents a major obstacle for
the development of an effective anti-HCMYV vaccine (Chen et al. 2019).
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HCMYV has been implicated in the development of atherosclerosis leading to
coronary heart disease, malignant gliomas, systemic autoimmune diseases, type 1
diabetes, type 2 diabetes, Alzheimer’s disease, rheumatoid arthritis, systemic lupus
erythematosus, and contributing to frailty via chronic inflammation (Blankenberg
et al. 2001; Farias et al. 2019; Pawlik et al. 2003; Pak et al. 1988; Chen et al. 2012;
Nell et al. 2013; Rothe et al. 2016; Berman and Belmont 2017; Wang et al. 2010).
The role of HCMV in these chronic diseases have not been fully determined and
need further study (Janahi et al. 2018).

4.3 Pericytes

Pericytes, were first describes by Eberth and Rouget and were also known as Roget
cells or mural cells in the 1870s. However the name “pericyte” was introduced by
Zimmermann in 1923 (Eberth 1871; Rouget 1873; Zimmermann 1923; Attwell
et al. 2016). Pericytes were described as cells that were abluminal to endothelial
cells that were later shown to have contractile properties due to their cytoplasmic
extensions that wrap around the endothelial cells lining the capillaries (Fig. 4.2a-1,
a-2) and venules throughout the body (Sims 1986; Bergers and Song 2005; Armulik
etal. 2010, 2011; Hamilton et al. 2010; Rustenhoven et al. 2017). Primary pericytes
can be cultivated to confluency and stained to confirm biomarker characterization
(Fig. 4.2b-1, b-2, b-3). There are no unique antigenic biomarker for pericytes how-
ever they can be identified by their expression of the platelet-derived growth factor
receptor-beta (PDGFRDb) and of the neural/glial antigen 2 (NG2 proteoglycan) a
co-receptor for PDGF (Fig. 4.2b-4) (Smyth et al. 2018; Stallcup 2018). The highest
density of vascular pericytes in humans have been observed in the brain and retina
(Sims 1986). There are functional differences among pericytes depending on their
origin, morphology and their organ-derived vascular bed. Pericytes and microvascu-
lar endothelial cells share a common membrane (Birbrair 2018; Abbott et al. 2010)
(Fig. 4.3a). The human blood-brain barrier (BBB) consists of brain microvascular
endothelial cells, brain vascular pericytes, and astrocytes; together they are known
as the neurovascular unit (NVU) (Brown et al. 2019) (Fig. 4.3b). Perciytes are plu-
ripotent cells that are an essential component of the blood-brain-barrier and play
major role in the BBB development, stability, angiogenesis, immunoregulation,
function, and maintenance of the BBB (Fig. 4.3c). The physical contact and para-
crine signaling between pericytes and endothelial cells are essential for new blood
vessel formation, maturation, and maintenance. During cellular invasion after trau-
matic brain injury pericytes are among the first cell to invade the primary lesion in
models of brain and spinal injury (Géritz et al. 2011; Birbrair et al. 2018; Dias et al.
2018; Hesp et al. 2018) in support of vascular remodeling.

Recent studies have revealed that pericyte deficiency in the CNS can cause a
breakdown of the BBB and lead to other degenerative changes in the brain. Most
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Model effects of amyloid beta (AB) induced pericyte constriction of brain capillaries

a  Pericytes on brain capillaries Pericytes constriction of brain capillaries

Cultivation of primary human brain pericytes

b Subconfluent
13 \6 ¢

Moderately confluent

2,

200X magnification

Fig. 4.2 Brain vascular pericytes. (a) Pericytes as they appear on rat brain capillaries (2a-1) Rat
brain capillaries undergoing constriction by vascular pericytes (2a-2). (b) Primary human brain
pericytes subconfluent (2b-1); Primary human pericytes moderately confluent (2b-2); Confluent
primary human brain pericytes (2b-3); Primary human brain pericytes stained with a monoclonal
antibody for NG-2 proteoglycan. Total magnification is 200x
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Fig. 4.3 Pericytes and the neurovascular unit (NVU). Brain capillaries featuring pericytes. (a)
Cross-section of a brain capillary illustrating the capillary basement membrane, as well as the
endothelial cells and brain pericytes abluminal to endothelial cells sharing a contiguous basement
membrane. (b) Neurovascular unit (NVU) of the blood-brain barrier (BBB) featuring capillary
endothelial cells with tight junction, pericytes and astrocytes. (¢) The NVU and other brain paren-
chymal cells, including neurons and microglia. Important functions of pericytes are also shown
listed 1-5

recently, pericytes dysfunction has been observed in Alzheimer’s disease (AD)
pathology (Salmina et al. 2019; Yamazaki and Kanekiyo 2017; Liesz 2019; Cai
et al. 2018). Studies reveal that Amyloid-p (AP) induces neurovascular dysfunction
that leads to functional changes in the brain microvascular resulting in the impair-
ment of capillaries to respond to neuronal activity (Nortley et al. 2019). Studies by
Nortley et al., suggest that brain vascular pericytes link Af to vascular dysfunction
in AD (Nortley et al. 2019). Using human brain slices and in a mouse model they
reported that oxidative stress caused by toxicity of AP causes constriction of capil-
laries via the generation of reactive species (ROS) by the induction of NOX4
(reduced nicotinamide adenine dinucleotide phosphate oxidase 4). ROS then trig-
gers the release of endothelin-1, which interacts with ETA receptors on pericytes to
cause pericyte contraction and subsequent capillary constriction (Nortley et al.
2019). It is clear that AD is a multifactorial disease and the implication HCMV in
AD pathogenesis is controversial. Infection due to reactivation of latent neurotropic



106 D. J. Alcendor

viruses such as HCMV, Human herpesvirus 1 (HHV-1), Human herpesvirus 2
(HHV-2), and Varicella zoster virus, have been linked to AD neuropathology for
decades but whether viral infections could be considered causative in AD or a factor
that promotes the progression of AD continues to be investigated (Sochocka et al.
2017). There have been several recent reports that link HCMV as an infectious
cause of AD. Laurain et al., reported virological and immunological characteristic
of HCMYV infection that were associated with AD (Lurain et al. 2013). They dem-
onstrated HCMV serum antibody levels that were associated with the development
of neurofibrillary tangles in AD patients (Lurain et al. 2013). In this same study,
authors showed amyloid-f induction in human foreskin fibroblasts (HFF cells)
infected clinical strains of HCMV. Even more they demonstrated that there was no
induction of amyloid-f after herpes simplex virus type 1 (HSV-1) infection of HFF
cells and no association of HSV-1 serum antibody titers and AD (Lurain et al. 2013).
Studies by Barnes et al., using solid-phase enzyme-linked immunosorbent assay to
detect type-specific immunoglobulin G antibody responses to HCMV and herpes
simplex virus type 1 (HSV-1) in 849 archived serum samples showed that HCMV
infection is associated with an increased risk of AD and a faster rate of cognitive
decline in older diverse populations (Barnes et al. 2015). Other studies have sug-
gested that HCMV and HSV-1 interactions play a role in AD (Lovheim et al. 2018).
In a study by Loveheim et al., using plasma samples from 360 AD cases examined
both HCMYV and HSV IgG and IgM antibodies by ELISA assay and found interac-
tion between HCMV and HSV 1 to be associated significantly with AD development
(Lovheim et al. 2018). However, the role of HCMV, HSV-1/2, and other neurotropic
viruses in AD pathobiology is controversial and the mechanisms to support these
associations as causative or supportive of progressive disease will require further
investigations. The permissiveness of brain pericytes for HCMV infection and the
role pericyte loss and dysfunction in AD associated vascular pathology could be
linked and deserves further study. As pericyte death reliably indicates very mild
cognitive impairments (Nation et al. 2019), it is likely that pericyte death is not only
a symptom of AD but may also be a potential cause of AD. Hypoxia influences
amyloid precursor protein (APP) mechanisms that lead to an increased production
of b- and g-secretase and therefore increased A production (Zlokovic 2011). This
suggests that pericyte loss may be an early event in the progression of AD, as peri-
cyte loss reduces cerebral blood flow, thus creating potential hypoxic areas through-
out the brain.

4.4 Cytomegalovirus and Vascular Disease

Several serological and molecular-biological studies have shown an association
between HCMYV infection of endothelial cells and in the development of atheroscle-
rosis (AS) (Gkrania-Klotsas et al. 2012; Muhlestein et al. 2000; Simanek et al.
2011; Spyridopoulos et al. 2016). A meta-analysis of data retrieved from electronic
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databases that involved 30 studies, 3328 cases and 2090 controls showed that
HCMV infection is significantly associated with an increased risk for atherosclero-
sis. A meta-analysis conducted by Lv et al., involving 68 studies, from 24 countries
(12,027 cases and 15,386 controls) suggests that HCMYV infection is associated with
an increased risk for vascular diseases (Lv et al. 2017). The study found that people
exposed to HCMYV infection had higher risk for vascular diseases (OR 1.70 [95% CI
1.43-2.03]) (Lv et al. 2017). HCMYV infection has been shown to be a risk factor for
the development of renal vascular disease. Most recently, Lee et al., have shown the
high burden of HCMYV results in poor vascular health in renal transplant patients
compared to healthy controls (Lee et al. 2019). After Examining carotid intima-
media thickness, FMD, eGFR and plasma levels of HCMV antibodies and the
expression of ICAM-1, VCAM-1, P-selectin, sIFNaR?2, sSTNFR1, sCD14 and CRP
they predicted that high viral burden was associated with poor endothelial health
and vascular damage in renal transplant patients when compared to controls (Lee
et al. 2019). In addition, a study by Huang et al., involving 200 patients diagnosed
with stroke and 200 controls found a correlation between HCMV and stroke (Huang
etal. 2012). HCMYV seropositivity was higher in the stroke patients than in controls
(55.0% vs. 23.5%; P < 0.0001). Huang et al., also observed that the presence of
HCMYV DNA increased the risk of stroke (Huang et al. 2012). The mechanisms
associated with HCMYV infection and the increased risks for the development of
vascular diseases requires further investigation. Even more HCMYV infection upreg-
ulates the endothelin receptor type B protein (ETBR) expression and mRNA expres-
sion in both endothelial cells and smooth muscle cells (Yaiw et al. 2015). ETBR, a
G protein-coupled receptor that mediates the vascular effects of ET-1 a potent vaso-
constrictor (Yaiw et al. 2015). HCMV may have a role in cardiovascular disease via
upregulation of ETBR. ET-1 is also known to cause capillary constriction via ETA
receptor interactions on pericytes.

4.4.1 Cytomegalovirus Infection of Pericytes
in the Neurovascular Unit

The blood-brain barrier (BBB) interfaces the peripheral circulation and the central
nervous system (CNS) allowing nutrients into the CNS and preventing blood-borne
pathogens from harming the brain. This barrier is an elaborate network of tight junc-
tions (TJ) between capillary endothelial cells that lack fenestrae and have a reduced
capacity for pinocytosis (Ballabh et al. 2004; Engelhardt 2003). The TJ of the capil-
lary endothelium is supported by astrocytic endfeet and pericytes. Cerebral vascular
pericytes (CNS pericytes) have been shown to enhance TJ barrier function, stimu-
late expression of TJ proteins and reduce the paracellular permeability of the capil-
lary endothelium (Garberg et al. 2005; Ramsauer et al. 2002; Shepro and Morel
1993; Tsukita et al. 2001). Pericytes are adult multipotent, contractile and migratory
stem cells (Balabanov and Dore-Duffy 1998; Dore-Duffy 2008) that surround
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capillaries and actively communicate with other cells of the neurovasculature,
including endothelial cells, astrocytes and neurons. Completely surrounded by a
basal lamina, they also contribute to the deposition of the basal lamina during vas-
cular development and angiogenesis (Dore-Duffy and Cleary 2011). Although a
critical cellular component for the development and function of the BBB, the role of
pericytes in HCMV infection and dissemination has largely been ignored (Lai and
Kuo 2005). Rather, to date, astrocytes and brain microvascular endothelial cells
(BMVEC) cells have been implicated as cell types that support HCMV dissemina-
tion at the blood-brain barrier level (Cheeran et al. 2009). Recent studies have
revealed that pericyte deficiency in the CNS can cause a breakdown of the BBB and
lead to other degenerative changes in the brain (Cai et al. 2017). Ribbert (1904)
demonstrated murine CMV (MCMYV) infection of pericytes in brown and white
adipose tissue of young adult infected mice. These mice later developed viral-
induced inflammatory lesions in peripancreatic and salivary gland adipose tissues.
However it was Alcendor et al., that was the first demonstrate HCMYV infection of
primary human brain pericytes (Alcendor et al. 2012). Using a clinical isolate of
HCMYV (SBCMV), microscopy of infected pericytes showed virion production and
typical cytomegalic cytopathology (Fig. 4.4al, a-2, a-3). This finding was confirmed
by the expression of major immediate early and late virion proteins and by the pres-
ence of HCMV mRNA (Fig. 4.4a4, a5) and finally by electron microscopy
(Fig. 4.4a-6). Brain pericytes were fully permissive for CMV lytic replication after
96 h in culture compared to human astrocytes or human brain microvascular endo-
thelial cells (BMVEC) (Fig. 4.4b-1, b-2, b-3, b-4, b-5, b-6). However, temporal
transcriptional expression of pp65 virion protein after SBCMYV infection was lower
than that seen with the HCMV Towne laboratory strain (Alcendor et al. 2012).
Using RT-PCR and dual-labeled immunofluorescence, proinflammatory cytokines
CXCLS/IL-8, CXCLI1I/1TAC, and CCL5/Rantes were upregulated in SBCMV-
infected cells, as were tumor necrosis factor-alpha (TNF-alpha), interleukin-1 beta
(IL-1beta), and interleukin-6 (IL-6) (Alcendor et al. 2012). Pericytes exposed to
SBCMV elicited higher levels of IL-6 compared to both mock-infected as well as
heat-killed virus controls (Alcendor et al. 2012). A 6.6-fold induction of IL-6 and no
induction TNF-alpha was observed in SBCM V-infected cell supernatants at 24 h
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Fig. 4.4 (continued)  pericytes, and (3) pericytes 72 h after infection with
SBCMV. Immunofluorescence staining of SBCM V-infected pericytes for (4) HCMV MIE protein
and (5) pp65 late protein. (6) TEM of SBCM V-infected pericytes showing HCMV virions in the
cytoplasm (see arrow). With the exception of the TEM, images were taken on a Nikon TE2000S
microscope (200x magnification). HCMV human cytomegalovirus, MIE major immediate early
protein, SBCMV primary HCMYV isolate from a patient, TEM transmission electron microscopy.
(b) Time course analysis of human cytomegalovius-GFP (HCMV-GFP) infection of BBB (blood-
brain barrier) cells. For comparison purposes, (a) the top panel includes phase contrast images of
human mock and infected brain microvascular endothelial cells, brain vascular pericytes and astro-
cytes. The bottom panel shows phase contrast images of infected brain microvascular endothelial
cells, brain pericytes and astrocytes with a fluorescent overlay showing HCM V-GFP-positive cells.
Total magnification is 200x
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a Primary Human Brain Pericytes Infected with HCMV

HCMYV infected pericytes

Pericytes subconfluent
) /]

Confluent pericytes

Major Immediate Early

b Brain Tricell Cellular Components Infected with HCMV-GFP After 96 Hours

Mock Brain Endothelial cells Mock Brain pericytes

Brain Pericytes-CMV

9 GFP+ cellsiw - 394 GFP+ collsiv

Fig. 4.4 (a) Primary brain vascular pericytes. Phase contrast images of: (1) an uninfected subcon-
fluent monolayer of primary brain vascular pericytes, (2) a confluent monolayer of brain vascular
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HCMV infection of the Neurovascular Unit (NVU) that include brain pericytes:
Implications for HCMV induce Neuroinflammation

_— Astrocyte infection (HCMV)

3
Capillaries J
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" — Pericyte loss A
/ Proinflammatory Cytokine
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Endothelial cell

Endothelial cell
infection (HCMV)

Tt incon Neuroinflammation

* = HCMV

Fig. 4.5 Model of HCMYV infection and viral dissemination in the NVU. HCMV infection of
cellular components of the NVU and the effects of HCMYV infection in pericytes

post infection (Alcendor et al. 2012). Using archival brain tissue from a patient
coinfected with HCMYV and HIV, we also found evidence of HCMYV infection of
pericytes using dual-label immunohistochemistry, as monitored by NG2 proteogly-
can staining (Alcendor et al. 2012). These studies suggests that HCMV lytic infec-
tion of primary human brain pericytes contribute to both virus dissemination in the
CNS as well as neuroinflammation. A hypothetical model of HCMYV infection of the
NVU shows viral replication preference for brain pericytes when compared astro-
cytes and BMVEC (Fig. 4.5).

4.4.2 Cytomegalovirus Infection of Pericytes in Retinal
Vascular Unit

The inner blood-retinal barrier (IBRB) consists of retinal microvascular endothe-
lial cells covered with tightly associated pericytes and Miiller cells; together, they
make up the retinal vascular unit (RVU) (Wilkerson et al. 2015). My study showed
that normal primary human retinal pericytes expressed the biomarker neuron-
glial antigen 2 and that retinal pericytes are highly permissive for HCMV infec-
tion as demonstrated by cytomegalic cytopathology and expressed of the major
immediate protein (MIE) and the late phosphorylated envelop protein 65
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(Fig. 4.6a-1, a-2, a-3, a-4, a-5) and shown to support lytic replication of a recom-
binant GFP virus (Fig. 4.6a-6) (Wilkerson et al. 2015). qRT-PCR analysis showed
full lytic replication of HCMYV in retinal pericytes. Pericytes were the most per-
missive cell type for HCMV replication when compared to retinal endothelial
cells and Mbller cells (Fig. 4.6b1, b-2, b-3, b-4, b-5, b-6) Pericytes exposed to
SBCMV expressed higher levels of vascular endothelial cell growth factor mRNA
compared to controls (Wilkerson et al. 2015). Luminex analysis of supernatants
from SBCMV-infected retinal pericytes had increased levels of macrophage
inflammatory protein-la, beta-2 microglobulin (B2-m), matrix metalloprotein-
ase-3 and -9 (MMP3/9), and lower levels of IL-6 and IL-8 compared to controls.
At 24 h post infection, pericytes expressed higher levels of IL-8, TIMP-1 (tissue
inhibitor of metalloproteinase-1), and RANTES (regulated upon activation nor-
mal T cell-expressed and presumably secreted) but lower levels of MMP9
(Wilkerson et al. 2015). Time course analysis showed that both brain and retinal
pericytes were more permissive for HCMV infection than other cellular compo-
nents of the BBB (blood-brain barrier) and IBRB. Using a Tricell culture model
of the IBRB (retinal endothelial, pericytes, Miiller cells), retinal pericytes were
most permissive for SBCMYV infection (Wilkerson et al. 2015). SBCMYV infection
of this IBRB Tricell mixture for 96 h that resulted in increased levels of IL-6,
MMP9, and stem cell factor with a concomitant decrease in granulocyte-macro-
phage colony-stimulating factor and TNF-alpha (Wilkerson et al. 2015). In retinal
pericytes, HCMV induces proinflammatory and angiogenic cytokines. In the
IBRB, pericytes likely serve as an amplification reservoir which contributes to
retinal inflammation and angiogenesis. Even more, I examined the permissive-
ness of normal murine retinal pericytes expressing alpha actin smooth muscle
(Fig. 4.7a—c) for mouse cytomegalovirus (MCMV) infection. At 72 h post infec-
tion I observed pericytes being fully permissive for MCMYV lytic replication as
demonstrated by expression of the late MCMV M55 late protein (Fig. 4.7d) and
lytic replication of a recombinant MCMV expressing green fluorescent protein
(GFP) (Fig. 4.7e).

4.4.3 Cytomegalovirus Infection of Mesangial Cells: Pericytes
of the Glomerular Vascular Unit

Mesangial cells are considered specialized pericytes of the renal glomerulus
(Yamanaka 1988; Diaz-Flores et al. 2009; Lindahl et al. 1998; Smith et al. 2012).
The glomerular vascular unit (GVU) consists of glomerular endothelial cells, podo-
cytes, and mesangial cells (Popik et al. 2019). The molecular crosstalk between
mesangial cells, podocytes, and glomerular endothelial cells is essential for glomeru-
lar filtration. Mesangial cells form a supporting framework that maintains the struc-
tural integrity of the glomerular tuft that includes the glomerular capillaries
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4 Primary Human Retinal Pericytes Infected with HCMV

4.

Retinal Endothelial cells-CMV  Retinal Pericytes-CMV

§

Fcells Mg, |

Fig. 4.6 Human cytomegalovirus (HCMYV) infectivity of primary human retinal pericytes.
(a) Phase contrast and fluorescent images of retinal pericytes (1) uninfected subconfluent
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Murine retinal pericytes infected with Mouse Cytomegalovirus

Pericytes subconfluent Confluent pericytes Alpha actin smooth muscle

E.

Fig. 4.7 MCMY infection of mouse retinal pericytes. Cultivated mouse pericytes infected with
mouse cytomegalovirus. (a) Pericytes subconfluent; (b) Pericytes confluent; (¢) Pericytes staining
positive for alpha actin smooth muscle (green FITC/blue DAPI); (d) Phase image of pericytes
infected with MCMYV; (e) Pericytes staining positive for the MCMV M55 late protein; (f) Pericytes
infected with a GFP-positive MCMYV (virus infected appear green)

(Wilkerson et al. 2015). Mesangial cells affect glomerular hemodynamics by altering
glomerular vascular resistance (Wilkerson et al. 2015). To date, mesangial cells, and
their contribution to HCMV infection in the glomerulus is poorly understood. I
showed that mesangial cells and glomerular endothelial cells but not podocytes were
permissive for both lab adapted and clinical strains of HCMV (Fig. 4.8a) (Popik
et al. 2019). A hypothetical model is shown to support this finding (Fig. 4.8b).
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Fig. 4.6 (continued) monolayer of retinal pericytes, (2) confluent monolayer of retinal pericytes
and (3) pericytes 96 h after infection with the clinical strain SBCMV. Immunofluorescence stain-
ing of SBCM V-infected retinal pericytes for (4) major immediate protein (MIE) protein and (5)
pp65 late stage protein. (6) Phase fluorescent overlay image of human retinal pericytes infected
with a recombinant HCMV virus expressing GFP. All images were taken on a Nikon TE2000S
microscope (200x magnification); (b) Time course analysis of human cytomegalovirus-GFP
(HCMV-GFP) infection of IBRB (inner blood-retinal barrier) cells. (a) Top panel: phase contrast
images of human mock and infected retinal microvascular endothelial cells, retinal pericytes and
Miiller cells. Bottom panel: phase contrast images of infected retinal microvascular endothelial
cells, retinal pericytes and Miiller cells with a fluorescent overlay showing HCMV-GFP-positive
cells. Magnification 200x
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SBCMV Infection of the Cellular Components
in the Human Glomerular Vascular Unit
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Fig. 4.8 Infection with the clinical strain (SBCMV) of GVU (Glomerular Vascular Unit) cells
96 h after infection. (a) A graph showing the number of infected SBCMYV positive podocytes (open
bars), glomerular endothelial cells (gray bars), and mesangial (black bars) per 4 x 106 total cells
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Luminex analysis revealed dysregulation proinflammatory cytokines expressed by
mesangial cells exposed to the SBCMV clinical strain (Popik et al. 2019). HCMV
upregulation of angiogenic and proinflammatory cytokines could contribute to glo-
merular inflammation (Popik et al. 2019). Briefly, mesangial cells exposed to
SBCMYV for 96 h revealed an increase in the expression of B2-m (beta-2 microglobu-
lin) ferritin, complement C3, IL-6, IL-7, IL-8, RANTES, VEGF, and MMP-3 com-
pared to mock infected controls (Popik et al. 2019). Taken together upregulation of
these factor are known to greatly impact the development of kidney disease. However,
because these data represent in vitro studies in primary cells infected at low multi-
plicities of infection this will require further investigation. Although I was able to
demonstrate HCMV infection in pericytes in renal tissue from a transplant patient
supporting in vivo for HCMV infection of pericytes in renal tissue (Popik et al. 2019).

4.4.4 Cytomegalovirus Infection of Pericytes in at the
Placental Vascular Barrier

Placental pericytes are essential for endothelial cell proliferation as well as for pla-
cental microvasculature stability and integrity but have largely been ignored in pla-
centa biology (Price et al. 1990). Pericytes are also critical for placental vascular
development and angiogenesis. A blood-placental barrier model consisting of tro-
phoblasts and placental pericytes has been established. HCMV placental pathogen-
esis models that include placental pericytes have not been reported. The signaling
mechanisms between placental pericytes, cytotrophoblast, and villous fibroblasts
are largely unknown (Alcendor et al. 2012).

I was among the first (to my knowledge) to report the infectivity of human placen-
tal pericytes for HCMYV, their potential role in viral dissemination in placental tissue,
and the implications for HCM V-associated congenital disease (Aronoff et al. 2017).
I first tracked HCMV in placental tissue obtained from a child with HCMV inclusion
disease by dual labeled immunohistochemistry and showed overtime that the virus
infects cytotrophoblasts and spreads into villous during dissemination (Fig. 4.9a). My
findings show that placental pericytes strongly support HCMV replication, inducing
proinflammatory and angiogenic cytokines that could contribute to viral dissemina-
tion, placenta inflammation, and dysregulation of placental angiogenesis. I showed
that primary human placenta pericytes were more permissive for HCMV infectivity
than either primary human cytotrophoblasts or villous fibroblasts (Fig. 4.9b, ¢). I also
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Fig. 4.8 (continued) 96 h after infection. (b) Right panel: Immunohistochemical stained images
of SBCMYV infected podocytes, glomerular endothelial cells, and mesangial cells showing SBCMV
positive cells (stained brown). All images were taken on a Nikon TE2000S microscope mounted
with a charge-coupled device (CCD) camera at 200x magnification. (¢) Hypothetical model of
HCMV dissemination in the glomerulus of the human kidney showing HCMV infection of mesan-
gial cells and glomerular endothelial cells but not podocytes
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a HCMV Entry via Infection of Cytotrophoblasts and Dissemination in the Villous by Dual Labeled IHC
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Fig. 49 HCMYV dissemination in the placenta that includes placental pericytes. (a) HCMV
entry into placenta tissue demonstrated by dual labeled IHC (trophoblasts, brown color, HCMV
red color); (b) HCMV replication kinetics examined using a GFP recombinant virus in human
placental fibroblasts, cytotrophoblasts and placental pericytes. Infections were performed in cham-
ber slides in triplicate and the average number GFP positive cells are plotted in the graph; (c)
HCMV-GFP positives cells after infection (insert for pericytes shows evidence of giant cell
formation)
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demonstrate the HCMV induction of giant cell formation only occurs infected peri-
cytes (Fig. 4.9c see insert). Using a mixture of placental pericytes, cytotrophoblasts
and villous fibroblasts, I find dysregulation of cytokines with a unique profile when
compared with pericytes alone at early and late times post infection (Aronoff et al.
2017). I hypothesize that human placental pericytes are the most permissive cell type
in the placenta for HCMYV infection and serve as amplification reservoirs for HCMV
dissemination in placental tissue that is governed by virus host-cell receptor entry.

4.4.5 Cytomegalovirus Infection of Pericytes
in Adipose Vasculature

The relevance of HCMV infection of pericytes in adipose vasculature is not appar-
ent however I observed both full lytic replication in human adipose pericytes
(obtained from Paula Dore Duffy from Wayne State University) data unpublished.
To my knowledge there is only one report of mouse cytomegalovirus (MCMV)
infection of mouse pericytes in salivary gland adipose vasculature tissue (Price et al.
1990). After MCMYV infection of young adult mice they observed MCMYV replica-
tion in adipocytes, fibroblasts, endothelial cells and pericytes in both brown and
white adipose tissues from salivary glands as demonstrated by immunoperoxidase
staining and electron microscopy (Price et al. 1990). However I shown human adi-
pose tissue pericytes are fully permissive for HCMV lytic replication as demon-
strated by infecting adipose pericytes with Toledo HCMV (lab strain) when
compared to the mock infected control (Fig. 4.10). This is the first unpublished
report of HCMYV infection of human adipose vascular pericytes. This finding sup-
ports the notion that all human vascular pericytes are permissive for HCMV. Even

Human primary Adipose Pericytes Infected with the Toledo Strain of HCMV

Mock Toledo HCMV infected

Fig. 4.10 HCMYV infection of human adipose pericytes. (a) Mock infected primary human
adipose pericytes cultivated in vitro; (b) Human adipose pericytes cultivated in vitro and infected
with the Toledo strain of HCMV. Cells showing cytopathology are identified with black arrows



118 D. J. Alcendor

more, it suggest that adipose tissue could serve as a reservoir for HCMYV replication
and dissemination which is a novel concept that will require further investigation.

4.5 Discussion and Conclusions

These studies described published evidence from my laboratory of HCMV lytic
replication in human pericyte populations of the brain, retinal, placental, glomerular
(mesangial cells), as well as unpublished evidence of HCMV infection and lytic
replication in pericytes from human adipose tissue (Fig. 4.11). These studies relied

HCMV Infection of Human Vascular Pericytes

Brain percyes Lytic replication in Pericytes Retinal pericytes
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Fig. 4.11 Human vascular pericytes currently known to be permissive for HCMYV lytic rep-
lication. Human vascular pericytes shown to be permissive for HCMV infection. (a) Brain peri-
cyte; (b) Retinal pericytes; (¢) Renal mesangial cells (kidney pericytes); (d) Placental pericytes; (e)
Adipose pericytes (phase image). All cell types with the exception of adipose pericytes were
stained with an antibody to the HCMV pp65 protein late protein. All images were taken at 200x
magnification
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mainly on in vitro data obtained from experiments using primary cells at low pas-
sage and infection at low multiplicity. Pericyte population were largely found to be
the most permissive cell type for HCMV infection within neurovascular unit, the
retinal vascular unit, placenta vascular barrier, and the glomerular vascular unit. In
these vascular barrier systems, HCMYV infection resulted in the induction of proin-
flammatory and angiogenic cytokines that likely contributes to vascular inflamma-
tion. Hence, vascular pericytes may represent a global reservoir for HCMYV that can
mobilized during immunosuppression. In addition, results from these studies sup-
port the notion that all pericytes populations, regardless of tissue origin, are permis-
sive for HCMV infection, and that loss of HCMV immune surveillance or
intermittent viral shedding over time could contribute to pericyte loss or dysfunc-
tion, microvascular instability, and subclinical progressive vascular disease.
Pericytes have also been implication cerebral vascular diseases like AD However
the role of HCMYV, HSV-1/2, in AD remains highly controversial and requires fur-
ther study.
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Chapter 5 )
Pericytes in Retinal Ischemia b

Luis Alarcon-Martinez, Gulce Kureli, and Turgay Dalkara

Abstract

Introduction

Recent research has disclosed involvement of pericytes in neurovascular coupling
of retinal capillaries independent of the arteriole-mediated functional hyperemia.
This view is supported by studies showing expression of the contractile protein
a-smooth muscle actin in capillary pericytes in low but sufficient quantities to con-
trol capillary diameter. During retinal ischemia, injured pericytes persistently con-
tract and disrupt microcirculation as well as impairing blood-retinal barrier function.
Studies revealing the link between retinal ischemia and pericyte dysfunction are
reviewed in this chapter.

Methods

Journals and databases (Pubmed and Google Scholar) were surveyed with the key-
words “Retina”, “Pericyte” “Microcirculation” “Capillary” and “Ischemia”. Related
works were reviewed.

Results

During retinal ischemia, focal microvascular constrictions emerge at pericyte loca-
tions, suggesting that contracted pericytes constrict the capillaries and disrupt
microcirculation as previously reported in cerebral and cardiac ischemia. In addi-
tion to ex vivo studies, the colocalization of capillary constrictions with pericytes
was also observed in vivo in retinas of NG2-DsRed transgenic mice. Pericyte con-
tractions persisted after recanalisation, causing incomplete reperfusion of the retina.
Studies with calcium-sensitive fluoroprobe Fluo-4 and genetically-encoded calcium
indicator, GCaMP6, showed that a sustained intrapericytic calcium elevation medi-
ated persistent constrictions. Calcium increase and constrictions were coincident
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with loss of peri-microvascular glycogen, suggesting that glycogen can support
microvascular calcium homeostasis within the first hour of ischemia by providing
glucose. Indeed, inhibition of glycogen utilization accelerated the emergence of
ischemic microvascular constrictions. Intravitreal injection of adenosine reversed
capillary constrictions possibly by relaxing pericytes, encouraging that incomplete
reperfusion can be reverted. Ischemic pericyte injury also contributes to increased
blood-retina barrier permeability and causes delayed pericyte loss and angiogene-
sis, which have been extensively characterized in diabetic retinopathy.

Conclusions

Recent research has documented the crucial role of pericytes in retinal ischemia.
Studies showing reversal of these pathological events create exciting opportunities
for treatment of retinal diseases of ischemic origin.

5.1 Pericytes Regulate Microcirculatory Blood Flow
in the Retina

Retina is one of the tissues with high metabolic demand (Yu et al. 2019a). It consists
of several layers rich in either cell soma (i.e. nuclear) or synapses (i.e. plexiform)
and is supported by two vascular systems: the choroid — which mainly feeds the
photoreceptors in the outer retina, and the retinal vasculature — which supports the
inner retina, encompassing horizontal, bipolar, amacrine, and retinal ganglion cells.
Unlike choroid, retinal vasculature autoregulates and responds to flickering light
stimuli (Bill 1975; Grunwald et al. 1984; Riva et al. 1997; Srienc et al. 2010), sug-
gesting a capacity to regulate blood flow in response to changing metabolic demand
as documented for the brain vasculature (Hall et al. 2014; Rungta et al. 2018).
Neurons consume significant amount of energy supplied mainly by ATP to reestab-
lish the neuronal and astrocytic membrane ion gradients after neuronal firing
(Attwell and Laughlin 2001). Restoration of energy stores requires an increased
blood flow to match the enhanced oxygen and glucose demand (Attwell et al. 2010;
Newman 2013; Yu et al. 2019a). This is achieved by using a complex communica-
tion signaling between neurons, astrocytes and vessels, which is named neurovascu-
lar coupling (Roy and Sherrington 1890). The physiological consequence of this
coupling is termed functional hyperemia (Attwell et al. 2010; Newman 2013).

The structure supporting functional hyperemia is the neurovascular unit, which
is formed by neurons, glial cells, endothelia, smooth muscle cells and pericytes
(Attwell et al. 2010; Newman 2013; Dalkara and Alarcon-Martinez 2015). Although
it is known that each component of the neurovascular unit contributes to neurovas-
cular coupling to varying degrees along the vascular tree, the underlying mecha-
nisms are not completely understood. Active neurons/interneurons may produce
vasoactive mediators that can directly or indirectly modify the intracellular calcium
of smooth muscle cells and pericytes, varying the tension of contractile proteins,
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and, consequently, the diameter of the vessels that they surround (Alarcon-Martinez
et al. 2019; Puro 2007, 2012; Rungta et al. 2018). Such a mechanism involving
neuron-glia-vessel communication in the retina has recently been disclosed
(Biesecker et al. 2016). Briefly, active neurons release ATP, which binds to the puri-
nergic receptors on Miiller cells — the most abundant glial cell in the retina that
extends fine processes around microvessels and into the plexiform layers. Activation
of purinergic receptors leads to calcium release in Miiller cells from internal stores,
which induces synthesis of vasoactive arachidonic acid metabolites such as prosta-
glandin E2 and epoxyeicosatrienoic acids, or 20-hydroxyeicosatetraenoic acid
(Attwell et al. 2010; Biesecker et al. 2016; Metea and Newman 2006; Mishra et al.
2016). Due to the close proximity of the Miiller cell endfeet to the vessels, the
metabolites discharged over smooth muscle cells and pericytes can modify their
intracellular calcium and, hence, the vascular diameter (Alarcon-Martinez et al.
2019; Puro 2007, 2012). The activation of Miiller cells, however, exclusively leads
to dilation of the capillaries in the intermediate plexus but not of the arterioles
(Biesecker et al. 2016; Kornfield and Newman 2014), suggesting presence of a
pericyte-mediated neurovascular coupling independent of the arteriole-mediated
functional hyperemia. This is in contrast to previous studies (e.g. Hill et al. 2015),
which proposed that capillary pericytes were devoid of a-smooth muscle actin
(a-SMA) — a protein responsible for the vascular constriction, hence, the arterioles
ensheathed with smooth muscle cells and pre-capillary arterioles wrapped by peri-
cytes, both expressing large amounts of a-SMA, were the sole regulators of the
blood flow. However, recently, it has been shown that pericytes located on retinal
capillaries of the three plexuses do contain a-SMA in low but sufficient quantities
to allow them to change their shape and, consequently, control capillary diameter
(Alarcon-Martinez et al. 2018). Of note, in histological sections, the detection of
small amounts of a-SMA in capillary pericytes is challenging because of the rapid
depolymerization of filamentous a-SMA during slow tissue fixation with com-
monly used fixatives such as aldehydes. In contrast, rapid fixation methods consis-
tently reveal the low amounts of a-SMA even in pericytes on high order distal
capillaries (Alarcon-Martinez et al. 2018) as originally reported by Herman and
D’ Amore (1985). Moreover, Alarcon-Martinez et al. (2018) were able to suppress
a-SMA expression in downstream capillary pericytes but not in upstream pericytes
with short interfering RNA. This is in accord with the histological findings suggest-
ing presence of a smaller amount of a-SMA in downstream mid-capillary pericytes
compared to the a-SMA-rich wrapping-type upstream pericytes as well as the vas-
cular smooth muscle cells. These findings were confirmed by single-cell RNA
sequence of the cells of brain vasculature in a study that provides an extensive on-
line database for RNA expression in pericytes, smooth muscle cells, endothelial
cells, glial cells and other cell types in the brain vasculature (Vanlandewijck et al.
2018). As expected, a great amount of a-SMA mRNA was located in smooth mus-
cle cells and a low quantity in pericytes (Zeisel et al. 2018; http://mousebrain.org/
genesearch.html; please also see the on-line section of Vanlandewijck et al. 2018;
http://betsholtzlab.org/VascularSingle Cells/database.html; Acta2 expression in
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pericytes = 14.73 average counts). Recently, Yu et al. confirmed the expression of
a-SMA in retinal capillaries of human macula region (Yu et al. 2019b).

Evidence accumulates for the retinal pericytes having the basic machinery to
constrict and dilate capillaries and contribute to the regulation of functional hyper-
emia as previously reported for the brain (Hall et al. 2014; Hamilton et al. 2010;
Rungta et al. 2018). In addition to expressing receptors for vasoactive mediators
(Hamilton et al. 2010; Peppiatt et al. 2006; Puro 2007), their capability to regulate
blood flow is also suggested by their morphology characterized by processes
enwrapping microvessels as well as by immunohistochemical and ultrastructural
detection of contractile proteins (Shepro and Morel 1993; Nehls and Drenckhahn
1991; Bandopadhyay et al. 2001; Allt and Lawrenson 2001; Das et al. 1988;
Fujimoto and Singer 1987; Herman and D’ Amore 1985; Joyce et al. 1985a, 1985b;
Kelley et al. 1987; Wallow and Burnside 1980). In vitro studies on retina or on iso-
lated microvessels or cultured pericytes have consistently showed that retinal peri-
cytes are capable of contracting or relaxing when stimulated with vasoactive
mediators or physiological means (Kelley et al. 1987; Peppiatt et al. 2006; Puro
2007, 2012). The above findings strongly suggest that retinal pericytes are capable
of regulating the microcirculatory blood flow. However, improvement in the imag-
ing techniques, allowing visualizing single elements of the neurovascular unit in the
retina of live animals are still needed to gain further insight. Multi-photon laser
scanning microscopy used with genetically encoded fluorescent tagged animals is
an ideal technique as previously used for the in vivo recording of mitochondria in
retinal ganglion cells (Takihara et al. 2015).

5.2 Retinal Pericytes Are Vulnerable to Ischemia

Pericytes are vulnerable cells involved in pathophysiology of several neurological
diseases such as ischemia, epilepsy, Alzheimer’s disease, diabetic retinopathy and
spreading depolarization (Cogan et al. 1961; Hall et al. 2014; Khennouf et al. 2018;
Kisler et al. 2017; Leal-Campanario et al. 2017; Puro 2012; Sweeney et al. 2016,
2018; Winkler et al. 2014; Yemisci et al. 2009). During retinal ischemia, focal
microvascular constrictions emerge at pericyte locations (Alarcon-Martinez et al.
2019), suggesting that contracted pericytes may constrict the capillaries and disrupt
microcirculation as previously reported in cerebral or cardiac ischemia (Dalkara
et al. 2016; Hall et al. 2014; O’Farrell et al. 2017; Yemisci et al. 2009). In addition
to ex vivo whole-mount retinas immunolabeled with pericyte markers, the colocal-
ization of capillary constrictions with pericytes was also observed in vivo in retinas
of NG2-DsRed transgenic mice expressing a red fluorescent protein in pericytes by
adaptive optics scanning light ophthalmoscopy (AOSLO)(Alarcon-Martinez et al.
2019) (Fig. 5.1).
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Fig. 5.1 In vivo demonstration of reduced capillary blood flow at pericyte locations after isch-
emia. (A-C) Retinal pericytes and capillary blood flow were identified in live animals with AOSLO
by using transgenic mice expressing the red fluorescent protein, DsRed specifically in pericytes
(NG2-DsRed). Retinal blood flow was recorded by monitoring the erythrocyte motion (pseudo-
colored in green). (A) Before ischemia, microvessels exhibiting an uninterrupted blood flow. (B)
After recanalisation, movement of erythrocytes was extremely reduced in some microvessels (no-
reflow). (C) Some microvessels showed an incomplete reperfusion (black segments, arrowheads),
due to capillary constrictions by pericytes. Scale bars = 10 pm. With permission of BioMed central
(BMC) as publisher (Alarcon-Martinez et al. 2019)

5.3 Mechanisms of Ischemia-Induced Pericyte Contractions

The cellular mechanisms underlying ischemia-induced pericyte contraction in the
retina are being disclosed. Pericyte contraction is physiologically regulated by intra-
cellular Ca** concentrations (Hamilton et al. 2010; Kamouchi et al. 2004; Wu et al.
2003). Accordingly, a sustained intracellular calcium increase in pericytes during
ischemia can prompt persistent vascular constriction as illustrated with intravit-
really injected calcium-sensitive fluoroprobe Fluo-4 as well as in the mouse retina
expressing the genetically encoded calcium indicator, GCaMP6 (Alarcon-Martinez
et al. 2019) (Fig. 5.2). An uncontrolled rise in intracellular calcium may originate
from multiple sources, including voltage-gated calcium channels, non-specific cat-
ion channels, purinergic receptors, Na*/Ca’** exchangers and calcium-induced
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Fig. 5.2 Intracellular calcium elevation promotes pericyte contraction and capillary constriction
during ischemia. (A-B) Representative examples of the mouse retinas expressing the genetically
encoded calcium indicator GCaMP6 specifically in pericytes (NG2:GCaMP6) (arrowheads).
Ischemia leads to intracellular calcium increase in pericytes (green, arrows point to constrictions).
Scale bars in A-B = 10 pum. With permission of BioMed central (BMC) as publisher (Alarcon-
Martinez et al. 2019)

calcium release from the endoplasmic reticulum (Hamilton et al. 2010; Kamouchi
et al. 2007; Nakaizumi and Puro 2011; Nakamura et al. 2009; Yamanishi et al. 2000;
Yemisci et al. 2009). Moreover, calcium overload can be facilitated by reactive oxy-
gen species (ROS) (Kamouchi et al. 2007; Nakamura et al. 2009), which are gener-
ated in high quantities on the microvascular wall during ischemia-reperfusion
(Gursoy-Ozdemir et al. 2004, 2012). Confirming that ischemia-induced retinal peri-
cyte contractions are mediated by a-SMA activation with intracellular calcium rise,
microvascular constrictions were prevented with calcium antagonist amlodipine or
by silencing a-SMA protein expression with small RNA interference (Alarcon-
Martinez et al. 2019). Interestingly, the intracellular calcium rise in pericytes as well
as capillary constrictions appear 1 h after ischemia induced by thrombotic occlusion
of the central retina artery, suggesting that an energy source, perhaps glycogen
located in Miiller cells, can sustain pericyte metabolism during the first hour of
ischemia when glucose transport from blood is severely limited (Alarcon-Martinez
et al. 2019). Glucose derived from the Miiller glia reservoir of glycogen can rapidly
be mobilized to the pericyte underneath possibly by way of transporters and gap
junctions (Suzuki et al. 2009) — the latter of which are rapidly induced during isch-
emia (Danesh-Meyer et al. 2012, 2016; Kerr et al. 2012). Although evidence is not
complete for the presence of functional gap junctions between glial endfeet and
pericytes, gap junctions are well known to connect glial perivascular endfeet, the
endothelial cells with each other and the endothelia with pericytes. This communi-
cation pathways may allow propagation of calcium signaling through gap junctions
during ischemia and directly contribute to pericyte calcium rise or indirectly via
release of vasoconstrictive mediators from glial endfeet onto pericytes because car-
benoxolone, a gap junction blocker or a selective peptide inhibitor of Connexin-43
(Cx43) gap junctions lowered the ischemia-induced calcium increase in retinal
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pericytes (Alarcon-Martinez et al. 2019). Retinal ischemia led to a rapid increase in
Cx43 hemichannels on Miiller cell endfeet covering pericytes (Alarcon-Martinez
et al. 2019). Carbenoxolone also reduced the ischemia-induced capillary constric-
tions. Interestingly, pericyte calcium increase and capillary constrictions were coin-
cident with loss of peri-microvascular glycogen staining by periodic acid-Schiff
(Alarcon-Martinez et al. 2019), which suggests that glycogen supported microvas-
cular calcium homeostasis within the first hour of ischemic insult by providing glu-
cose (Kuwabara and Cogan 1961; Wasilewa et al. 1976). Further supporting this
hypothesis, inhibition of glycogen degradation with 1,4-dideoxy-1,4-imino-d-
arabinitol (DAB) accelerated the emergence of microvascular constrictions during
ischemia (Brown 2004; Gurer et al. 2009; Kasischke et al. 2004; Rossi et al. 2007).
In line with these findings, Miiller glia have been shown to be resistant to glucose
deprivation or hypoxia owing to their glycogen stores (Toft-Kehler et al. 2017).

In addition to the above reviewed acute effects, the delayed adverse effects of
ischemia on retinal microvasculature and pericytes have been shown in several
models. For instance, elevation of the intraocular pressure as a retinal
ischemia/reperfusion injury model leads to retinal capillary degeneration in mice
and rats (Zheng et al. 2007). Pericyte loss was evident 2 weeks after ischemia-
reperfusion injury (Nakahara et al. 2015), suggesting that some of the permanently
contracted pericytes died in rigor (Hall et al. 2014). Pericytes are detached from
microvessels in the peri-infarct tissue and promote angiogenesis and neurogenesis,
both of which are reportedly improve the stroke outcome in rodent models (Liu
et al. 2012), however, this issue is not well characterized after retinal ischemia as we
will discuss below.

5.4 Incomplete Microcirculatory Reflow After Central
Retinal Artery Recanalisation

The no-reflow phenomenon, which refers to incomplete tissue reperfusion after re-
opening of an occluded artery or reinstitution of blood flow following cardiac arrest
was first reported by Ames et al. (1968) after global and by Crowell and Olsson
(1972) after focal cerebral ischemia. Recently, studies with imaging techniques
resolving single capillary blood flow in the intact mouse brain confirmed the pres-
ence of this phenomenon in vivo (Dziennis et al. 2015; Hill et al. 2015; Lee et al.
2016; Yemisci et al. 2009). Clots formed by leukocytes, platelets, fibrin and, more
recently, ischemia-induced persistent contraction of microvascular pericytes were
suggested as the source of the no-reflow phenomenon (Hall et al. 2014; Hallenbeck
et al. 1986; Yemisci et al. 2009; Zhang et al. 1999; del Zoppo et al. 1991, 2011).
Similar to the brain, the occlusion of the central retinal artery in the mouse
induces nodal microvascular constrictions coincident with pericyte locations, which
generally do not recover after recanalisation (Alarcon-Martinez et al. 2019). The
persistent constrictions lead to an impaired reflow, which intensifies as a function of
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Fig. 5.3 Pericyte morphology changes to a contractile phenotype during ischemia and recanalisa-
tion. (A) Ex vivo analysis of DsRed+ pericytes after labeling pericyte basement membrane with
lectin (green) confirms that their soma protruded away during ischemia and recanalisation as sug-
gested by their shape factor. (B-J) Images show pericyte shape before ischemia (B-D), during
ischemia (E-G) and recanalization (H-J). Scale bars = 5 pm. With permission of BioMed central
(BMC) as publisher (Alarcon-Martinez et al. 2019)

the duration and severity of ischemia (Alarcon-Martinez et al. 2019; Hill et al. 2015;
Yemisci et al. 2009; Lee et al. 2016). In a recent in vivo study, the authors used
AOSLO to image the retinal blood flow and genetically encoded fluorescent-tagged
pericytes in NG2-DsRed transgenic mice (Alarcon-Martinez et al. 2019). During
ischemia, pericyte somata on microvessels rounded-up, a morphological hallmark
of pericyte contraction (Murphy and Wagner 1994; Schallek et al. 2013; Takahashi
et al. 1997), which persisted after recanalization (Fig. 5.3). These pericyte morpho-
logical changes corresponded to decreases in capillary diameter, causing erythro-
cyte entrapment. Remarkably, intravitreal injection of the potent pericyte relaxant
adenosine prevented (pre-treatment) or reversed the pericyte contractions (when
administered one hour after ischemia), encouraging that impaired reperfusion can
be reverted before pericytes die in rigor hours later (Hall et al. 2014; Li and Puro
2001). In line with these observations, systemic administration of adenosine-
squalene nanoparticles improved cerebral microcirculation after recanalisation in
mouse stroke models possibly by reversing pericyte contraction by slowly releasing
adenosine in endothelial cells (Gaudin et al. 2014).

ROS formation on vessel wall may also be involved in the ischemia-induced
pericyte contraction and impede reperfusion after ischemia. Indeed, S-PBN (2-sulfo-
phenyl-N-tert-butylnitrone), a sulfonyl derivative of the ROS scavenger PBN,
although blood-brain barrier (BBB)-impermeable, provided neuroprotection by
improving microcirculatory reperfusion and, hence, secondarily reducing parenchy-
mal ROS generation in a mouse stroke model (Taskiran-Sag et al. 2018).
Consequently, reducing microcirculatory no-reflow appears to be an important tar-
get to improve the outcome of recanalization in the brain and retina (Dalkara and
Arsava 2012; Dalkara 2019; Alarcon-Martinez et al. 2018, 2019) and, to support as
well as sustain neuroprotection (Gursoy-Ozdemir et al. 2012; Erdener and
Dalkara 2019).
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5.5 Pericytes and Blood-Retina Barrier Leakiness
in Retinal Ischemia

The existence of a blood-retina barrier (BRB) isolating retinal microenvironment
from circulation is essential for the retina to properly function (Kaur et al. 2008;
Cunha-Vaz 2010). BRB is composed of an outer barrier — located at the retinal pig-
ment epithelium; and an inner barrier — located at the inner retinal vasculature. Inner
BRB, which is more selective than the outer BRB, is mainly formed by the tight
junctions between endothelial cells, a continuous (non-fenestrated) basal lamina,
pericytes/smooth muscle cells, and neighboring astrocytes and Miiller cells. The
inner BRB constitutes a barrier between retinal tissue and the lumen of the retinal
vessels.

The importance of pericytes for retinal vasculature can be inferred from the fact
that pericyte:endothelial cell ratio reaches the highest number in the body by 1:1 in
the retina (Frank et al. 1987; Shepro and Morel 1993). Pericyte coverage is funda-
mental for the formation and maintenance of inter-endothelial junctions as tight and
adherens junctions that are essential for an intact barrier function. During develop-
ment of the retinal vasculature, the interaction between endothelial cells, pericytes
and astrocytes results in increased expression of the tight junction protein ZO-1
(Kim et al. 2009). Several studies also point to the PDGFB/PDGFR-f pathway as an
important axis for the formation and maintenance of a functional BBB/BRB
(Armulik et al. 2010; Daneman et al. 2010; Trost et al. 2016). Blockage of pericyte
PDGEFR-f signaling by monoclonal antibodies inhibited recruitment of retinal peri-
cytes to the vasculature and resulted in abnormal vascular development, leading to
plasma leakage, edema and hemorrhages (Uemura et al. 2002). In transgenic mice
lacking the retention motif of PDGFB, newborns developed abnormal vascular
sprouting and decreased pericyte coverage. This was followed by abnormal vascular
plexus formation, detachment of pericytes, anomalous development of nuclear and
photoreceptor layers and fibrosis (Lindblom et al. 2003). In adult animals, however,
the impairment of PDGFB/PDGFR-f signaling pathway does not directly destabi-
lize BRB but BRB becomes vulnerable to any additional noxious stimulus (Park
et al. 2017). However, these studies are limited by pericyte heterogeneity because
not all pericytes are positive for PDGFR-f (Santos et al. 2018). Due to the hetero-
geneity in protein expression of pericytes (Armulik et al. 2011; Santos et al. 2018),
there is not a pan-pericyte marker to unambiguously identify all pericytes. Pericytes
also express neural-glial antigen 2/chondroitin sulphate proteoglycan 4 (NG2/
CSPG4), aminopeptidase N (CD13) and a-SMA to varying degrees (for review, see
Armulik et al. 2011). This heterogeneity suggests the presence of subpopulations of
pericytes with different functions (Armulik et al. 2011; Santos et al. 2018). Pericytes
are highly plastic cells such that even specific pericyte subsets may assume distinct
roles between organs (Birbrair et al. 2013, 2014a, 2014b). In addition to the hetero-
geneity of pericytes for PDGFR-f expression, there are other retinal cells than peri-
cytes signaling through PDGFB/PDGFR-f pathway, further complicating the
interpretation of the results obtained by modulating this pathway (Santos et al. 2018).
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In acute brain ischemia, pericyte injury and, in the long term, pericyte death in
addition to factors such as matrix metalloproteinase activation leads to BBB desta-
bilization (Underly et al. 2016). Similarly to cerebral ischemia, hypoxia/ischemia
induction in animal models leads to an increased permeability of BRB in the retina
as well (Wilson et al. 1995; Kaur et al. 2007). Several studies pointed to common
pathophysiological mechanisms in BBB and BRB permeability increase induced by
hypoxia/ischemia such as increased vascular endothelial growth factor (VEGF) and
nitric oxide production (Mayhan 1999; Dobrogowska et al. 1998; Kaur et al. 2007)
and decreased expression of tight junction proteins (Fischer et al. 2002; Wang et al.
2007). Although a contribution from dysfunctional pericytes is highly likely, further
studies are required to firmly establish a link between pericyte dysfunction and
junctional protein expression in retinal ischemia. The relevance of pericyte loss/
dysfunction to BRB leakiness in retinal ischemia has been most clearly documented
in the pathophysiology of diabetic retinopathy (Beltramo and Porta 2013), as we
will discuss below.

5.6 Pericytes and Angio- and Neuro-genesis Following
Retinal Ischemia

Pericyte investment is a significant factor in vessel formation, sprouting, maturation
and stabilization. Neovascularization and angiogenesis rely highly on the interac-
tion between endothelial cells and pericytes during development (Gerhardt and
Betsholtz 2003). This interaction is mediated by several signaling pathways as well
as direct cell-to-cell contact (Armulik et al. 2011) (Fig. 5.4). PDGFB/PDGFR-f
signaling pathway is a significant player in pericyte recruitment, proliferation and
survival (Betsholtz 2004). Defective signaling of this pathway leads to pericyte loss,
abnormal vascular formation and microaneurysms (Lindahl et al. 1997). TGF-p/
TGFPR2 signaling, which is also crucial for angiogenesis, mediates inhibition of
endothelial cell proliferation by pericytes (Caporarello et al. 2019). Angl released
by pericytes acts on its receptor Tie2 on endothelial cells to promote vessel remod-
eling, maturation and stabilization. Dysfunction in Angl/Tie2 signaling pathway
between pericytes and endothelial cells makes the vasculature vulnerable to vascu-
lar stress, leading to abnormal and excessive angiogenesis (Jeansson et al. 2011). In
a retinal vascular mural cell depletion model, providing external recombinant Ang1
rescued retinal edema and hemorrhages (Uemura et al. 2002), suggesting a potential
treatment approach for diabetic retinopathy. It was shown that Tie2 expression is not
specific to endothelial cells and deletion of Tie2 in pericytes delays postnatal retinal
angiogenesis (Teichert et al. 2017). This signaling pathway is also important for the
maintenance of the inner BRB, where Angl inhibits and Ang2 promotes the degra-
dation of endothelial junctional proteins (Diaz-Coranguez et al. 2017). An increased
ratio of Ang2 over Angl is seen in diabetic retinopathy, which may allow VEGF-
induced retinal vascular permeability increase (Patel et al. 2005). VEGF released by
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Fig. 5.4 The importance of pericytes in angiogenesis. i) PDGFB/PDGFR-f axis controls the
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tion of the endothelial cell/pericyte common basement membrane and stabilizes new vessels. iv)
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perivascular cells acting on VEGFR-2 receptors on endothelial cells, promotes
endothelial cell proliferation, survival and stabilization. Expression of VEGFR-1 by
pericytes sequester excessive VEGF, preventing endothelial proliferation in already
stabilized, mature vessels (Eilken et al. 2017).

The above-summarized signaling pathways mediate the ischemia-induced angio-
genesis. In middle cerebral artery occlusion models and pericyte cultures, ischemia-
induced upregulation of PDGFB/PDGFR-f signaling was associated with increased
pericyte migratory capacity toward newly formed vessels (Nakamura et al. 2016)
along with an increased expression of the neurotrophic factors (Arimura et al. 2012).
Pericytes reportedly migrate from microvessels in peri-infarct areas in the brain,
contributing to angiogenesis and repair, but also posing a possible risk of a leaky
BBB (Kamouchi et al. 2012; Liu et al. 2012). Similarly, exposure of bovine retinal
pericytes to in vitro hypoxia promoted their migration and induced VEGF produc-
tion and Angl/Tie2 mRNA upregulation in these cells (Yamagishi et al. 1999; Park
et al. 2003). Retinal-pericyte-conditioned medium prevented excessive endothelial
cell proliferation in an in vitro model of ischemia (Kondo et al. 2005). NG2 proteo-
glycan expressed by retinal pericytes may also be involved in ischemia-induced
neovascularization, as its knockout resulted in decreased pericyte and endothelial
cell proliferation, and increased ectopic vascularization into vitreous (Ozerdem and
Stallcup 2004). These findings await further support from in vivo retinal ischemia
studies.

Besides their role in angiogenesis, central nervous system pericytes exhibit vas-
culogenic and neurogenic potential after ischemia owing to their stem cell-like
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properties (Karow et al. 2014; Nakagomi et al. 2015). Brain pericytes isolated from
ischemic brains showed differentiation potential to microglia-like cells (Sakuma
et al. 2016). Brain pericyte-like cells obtained from human pluripotent stem cells
showed potential in generating vascular structures having neurovascular unit-
compatible barrier properties (Stebbins et al. 2019; Faal et al. 2019). Likewise, reti-
nal pericytes were shown to have osteogenic (Schor et al. 1990), adipogenic and
chondrogenic potential (Farrington-Rock et al. 2004) in suitable conditioning
media. Transplantation of capillary pericytes with stem cell features isolated from
mouse subcutaneous adipose tissue into ischemic tissue in a hindlimb ischemia
model significantly improved blood flow (Yoshida et al. 2019). Elevation of certain
amino acids in the vitreous body of diabetic patients induces an adipogenic expres-
sion profile in retinal pericytes, accompanied by a decrease in angiogenesis mark-
ers, implying a protective role in the diabetic retinopathy development (Vidhya
et al. 2018). In a murine model of retinal ischemia-reperfusion, induced pluripotent
stem cells derived from cord blood, which expressed endothelial cell or pericyte
markers showed promise in integrating into the damaged retinal vasculature (Park
et al. 2014a). Given their remarkable plasticity, whether retinal pericytes can locally
contribute to neurogenesis after ischemia warrants further investigation.

5.7 Diabetic Retinopathy

Diabetic retinopathy is a serious microvascular complication causing ischemic as
well as hemorrhagic retinal injury, which makes it the leading cause of blindness in
middle-aged adults (Wong et al. 2018). The main risk factor of diabetic retinopathy
is hyperglycemia. It is classified as proliferative or non-proliferative depending on
the presence of neovascularization. Proliferative diabetic retinopathy presents dys-
functional vascularization with microaneurysms, vascular leakage, and non-
perfused (ischemic) areas of the retina. The main treatment is the prevention of
neovascularization by intraocular injections of anti-VEGF and laser photocoagula-
tion therapy (Wong et al. 2018). Conversely, non-proliferative diabetic retinopathy
does not present with neovascularization. However, vasculature is also dysfunc-
tional, causing microaneurysms, hemorrhages, non-perfused (ischemic) areas, and
microvascular abnormalities (Wong et al. 2018). The alterations in the retinal vascu-
lature during diabetic retinopathy may progress in the following order: formation of
microaneurysms and venular dilation, increased vascular permeability and microhe-
morrhages, occlusion of retinal vessels and ischemia resulting in small infarctions
in the nerve fiber layer, and finally neoangiogenesis in proliferative diabetic reti-
nopathy (Motiejtinaité and Kazlauskas 2008).

As previously described, pericytes are essential for the BRB integrity. The initial
pathophysiological event in the development of diabetic retinopathy is pericyte
dropout (Hammes et al. 2002). Although the exact mechanism underlying pericyte
loss is not clear, hyperglycemia-dependent alterations in intracellular signaling and
metabolic pathways may be responsible for the pericyte dropout. Pericyte-mediated
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control of capillary dilation and constriction and spread of this vasomotor response
along the microvasculature were reportedly impaired in retinas obtained from
streptozotocin-treated hyperglycemic mice (Ivanova et al. 2017). Cui et al. (2006)
also found that hyperglycemia promoted ROS production and apoptosis in cultured
bovine retinal capillary pericytes. Similarly, hyperglycemia was shown to activate
NF-xB in retinal pericytes and trigger expression of pro-apoptotic molecules both in
donated diabetic eyes and in vitro experiments (Romeo et al. 2002). Hyperglycemia
is also reported to prompt Ang2-dependent apoptosis in pericytes (Park et al. 2014b)
and induce a decrease in pro-survival signals for pericytes by phosphorylating
PDGFR-f (Geraldes et al. 2009). Likewise, anti-PDGFR-f antibodies induced peri-
cyte loss and replicated the hallmarks of diabetic retinopathy in the mouse, includ-
ing vascular hyperpermeability, edema and neoangiogenesis (Ogura et al. 2017). In
addition, the loss of pericytes rendered endothelial cells more susceptible to
VEGF-A released by infiltrating inflammatory cells (Ogura et al. 2017). Thus, it
appears such that the pericyte dysfunction or dropout induced by diabetes is fol-
lowed by endothelial cell loss and an overall vascular regression, consequently lead-
ing to hypoxia and ischemia, which contribute to initiation of neovascularization, a
hallmark feature of diabetic retinopathy (Hammes et al. 2010). Overall, the damage
to pericytes inflicted by diabetes mellitus sets a clinical example showing the impor-
tance of pericytes for a healthy BRB functioning and retinal vascularization.

5.8 Future Directions

The important role of pericytes in retinal microvascular physiology, especially in
regulation of the BRB and microcirculation has been well documented. Pericytes’
role in several pathological conditions such as retinal ischemia and subsequent no-
reflow as well as diabetic retinopathy has also been disclosed. Now, it is an exciting
time for translating these discoveries to pharmacological interventions that can
restore disrupted microcirculation in retinal diseases. Also, clarification of reserva-
tions regarding whether or not retinal microvascular pericytes are contractile may
prompt new lines of research that can further our understanding of retinal microcir-
culation and neurovascular coupling in health and disease.
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Chapter 6

Inflammatory Mediators Released

by Brain Pericytes as Sensors and Effectors
in Blood-Brain Barrier Dysfunction

Shinya Dohgu, Fuyuko Takata, and Yasufumi Kataoka

Abstract

Introduction

Brain pericytes are located at the cerebral vascular walls where they regulate blood
flow in microvessels without smooth muscle cells. /n vitro and in vivo studies have
demonstrated that pericytes enhance and maintain blood—brain barrier (BBB) integ-
rity by releasing soluble factors. Another functional feature of pericytes is facili-
tated through cytokine/chemokine receptors, macrophage markers, innate and
adaptive immune system-related receptors and scavenger receptors; these enable
pericytes to respond to various inflammatory mediators and pathogens. These fea-
tures allow pericytes to act as sensors to monitor various pathological stimuli from
the periphery and neighboring cells in the central nervous system under the patho-
logical conditions. In this chapter, we summarize pericytic regulation of the neuro-
vascular unit, and then discuss brain pericyte activation and its impacts on
neighboring cell types under the pathophysiological conditions. We also discuss
phenotypic markers for identifying the activated brain pericytes.

Methods
We surveyed literatures reporting pericytes or pericyte-derived factors in the regula-
tion of BBB or neurovascular unit on PubMed.

Results

Among the cells comprising the neurovascular unit, brain pericytes exhibit the high-
est sensitivity to TNF-a and thrombin, leading to the release of cytokines, chemo-
kines and matrix metalloproteinase-9 and the enhancement of microglial activation.
These properties suggest that pericytes act as effectors to amplify neuroinflamma-
tion in the neurovascular unit and consequently induce the impairment of BBB
function. In this review, we define the state in which brain pericytes release various
inflammatory mediators as “activated brain pericytes”. These are operative for

S. Dohgu - F. Takata - Y. Kataoka (<)

Department of Pharmaceutical Care and Health Sciences, Faculty of Pharmaceutical
Sciences, Fukuoka University, Fukuoka, Japan

e-mail: dohgu@fukuoka-u.ac.jp; ftakata@fukuoka-u.ac.jp; ykataoka@tukuoka-u.ac.jp

© Springer Nature Switzerland AG 2021 145
A. Birbrair (ed.), Biology of Pericytes — Recent Advances, Stem Cell Biology
and Regenerative Medicine 68, https://doi.org/10.1007/978-3-030-62129-2_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-62129-2_6&domain=pdf
https://doi.org/10.1007/978-3-030-62129-2_6#DOI
mailto:dohgu@fukuoka-u.ac.jp
mailto:ftakata@fukuoka-u.ac.jp
mailto:ykataoka@fukuoka-u.ac.jp

146 S. Dohgu et al.

induction and promotion of the BBB dysfunction. Altered expression levels of peri-
cyte marker proteins under the pathological conditions are potential clues for iden-
tifying activated brain pericytes.

Conclusions
Although further studies are needed to clarify the regulation and identification of
activated brain pericytes, this activated state of brain pericytes should be considered
as a potential therapeutic target for neurodegenerative diseases with BBB
dysfunction.

Keywords «-Synuclein - Blood-brain barrier - Heterogeneity - Interleukin-1f -
Interleukin-6 - Lipopolysaccharide - Macrophage inflammatory protein -1a -
Matrix metalloproteinase-9 - Microglia - Neuroinflammation - Oncostatin M -
Pericyte - Platelet-derived growth factor - Thrombin - Tumor necrosis factor-o

6.1 Introduction

The blood-brain barrier (BBB) physically restricts the movement of blood-derived
substrates including blood cells, neurotoxins, pathogens and plasma proteins into
the brain parenchyma. Impairment of the BBB is observed in patients with various
diseases. BBB dysfunction accompanies and/or is responsible for the development
and pathogenesis of several diseases (Sweeney et al. 2019). The impaired barrier
allows blood cells and neurotoxins to enter the brain, leading to neuroinflammation
and neuronal damage. The barrier properties of the BBB are mainly regulated by
brain capillary endothelial cells connected by tight junctions; these are composed of
occludin, claudin-5, and zonula occludens (ZO)-1, 2 and 3. Brain endothelial barrier
integrity is supported by the neighboring cells including brain pericytes and astro-
cytes. Brain pericytes are located at the capillary wall and share the basement mem-
brane of brain endothelial cells. Pericytes directly interact with brain endothelial
cells through peg-and-socket type contacts (Winkler et al. 2011). Pericytic laminin,
a major component of the basement membrane, contributes to the maintenance of
BBB integrity (Gautam et al. 2016). In addition, brain pericytes release several fac-
tors to communicate with brain endothelial cells. This interaction stabilizes the
cerebral vasculature, regulates cerebral blood flow, enhances brain endothelial bar-
rier genesis and maintains barrier integrity. Therefore, dysregulated interactions
between brain endothelial cells and brain pericytes could induce BBB impairment.
In this chapter, we first summarize the regulation of the neurovascular unit by
pericyte-derived soluble factors, and then discuss possible molecules involved in
brain pericyte activation and the impact of pericyte-derived inflammatory mediators
on neighboring cell types, especially brain endothelial cells, under pathophysiologi-
cal conditions. We also evaluate phenotypic markers of activated brain pericytes that
are associated with BBB dysfunction.
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6.2 Intercellular Communication Between Brain Pericytes
and Other Cell Types in the Neurovascular Unit
in Health and Disease

The use of in vitro BBB models using brain endothelial cells co-cultured with peri-
cytes has revealed that pericytes tighten the barrier (Nakagawa et al. 2007, 2009)
and increase the efflux of transporters in brain endothelial cells (Berezowski et al.
2004). Pericyte-derived transforming growth factor (TGF)-p (Dohgu et al. 2005),
angiopoietin-1 (Hori et al. 2004) and plasminogen activator inhibitor (PAI)-1
(Dohgu et al. 2011b) enhance and maintain the integrity of the brain endothelial
barrier. In addition, brain pericyte-secreted soluble factors enhance the insulin sen-
sitivity of hypothalamic neurons (Takahashi et al. 2015) and the differentiation of
oligodendrocyte progenitor cells to mature oligodendrocytes (De La Fuente et al.
2017). Accumulating evidence using genetically modified mice with pericyte defi-
ciencies during aging (e.g. platelet-derived growth factor receptor (PDGFR)p*~,
PDGFb, PDGFRpF”"7) has revealed that reduced pericyte coverage of the cere-
bral capillaries induces BBB impairment, reduces cerebral blood flow, enhances
microglial activation and induces neuronal dysfunction (Winkler et al. 2010;
Daneman et al. 2010; Bell et al. 2010; Armulik et al. 2010). Dysregulation of the
interactions between brain endothelial cells and pericytes can be caused by detach-
ment from and/or loss of the brain pericytes in the cerebral capillary wall. PDGFRf
is a pericyte-specific marker, and brain endothelial cells secrete its ligand
PDGEF-BB. This signal transmission regulates pericytic survival, proliferation and
differentiation (Brandt et al. 2019; Lindahl et al. 1997). Thus, PDGF-BB/PDGFRf
signaling is likely to be crucial for brain endothelial cell-to-pericyte communication
to hold pericytes in the capillary wall. Bmall—/— or cathepsin D—/— mice also
exhibit pericyte loss in the cerebral vasculature, which leads to BBB impairment
(Okada et al. 2015; Nakazato et al. 2017). These loss-of-function in vivo studies
using genetically modified mice indicate that brain pericytes are required for main-
tenance and formation of the BBB. The findings using pericyte-deficient mice are
supported in part by studies of Alzheimer’s disease (AD) patients. Apolipoprotein
E4 carriers with AD exhibit pericyte loss and BBB impairment (Halliday et al.
2016). Patients with AD show lower levels of vascular markers of brain mural cells
(a-smooth muscle actin (a-SMA), PDGFRp and CD13) including brain pericytes
(Bourassa et al. 2020). Experimental data from animals show that pericyte degrada-
tion or detachment occurs in both brain and peripheral diseases. Traumatic brain
injury induces rapid pericyte loss (Zehendner et al. 2015) and pericyte migration
from the cerebral vascular walls (Dore-Duffy et al. 2000). Detachment of brain
pericytes is closely associated with BBB dysfunction in lipopolysaccharide (LPS)-
induced septic mice (Nishioku et al. 2009). Oxidative stress induces pericyte loss in
the cerebral microvasculature at 12 weeks in streptozotocin-induced diabetic mice
(Price et al. 2012).

Another possible way that brain pericytes induce BBB dysfunction without peri-
cyte deficiency in and/or detachment from cerebral capillary walls is the
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dysregulation of brain endothelial barrier integrity through pericyte-derived sub-
stances. Brain pericytes possess the ability to release various proinflammatory
mediators for BBB disruption in response to various stimuli (Gaceb et al. 2018a;
Rustenhoven et al. 2017). Indeed, brain pericytes co-cultured with brain endothelial
cells induce and/or aggravate brain endothelial barrier dysfunction in response to
various disease-associated factors including thrombin (Machida et al. 2017b),
oncostatin M (Takata et al. 2019), a-synuclein (Dohgu et al. 2019), advanced glyca-
tion endproducts (AGEs) (Shimizu et al. 2013) and LPS (Pieper et al. 2013; Dohgu
and Banks 2013). Tumor necrosis factor (TNF)-oa stimulates brain pericytes to
release various cytokines and chemokines, and subsequently induces microglial
activation (Matsumoto et al. 2014). Activated microglia are involved in BBB dys-
function (Nishioku et al. 2010; Shigemoto-Mogami et al. 2018; Sumi et al. 2010).
Thus, brain pericyte-released factors impair BBB function directly and indirectly
through microglial activation under pathological conditions. Therefore, we propose
that brain pericytes could act as (1) sensors to receive inflammatory signals from the
periphery or neighboring cells in the neurovascular unit and (2) effectors to amplify
neuroinflammation leading to BBB dysfunction. Here, we define a state of brain
pericytes in which they release factors associated with BBB dysfunction in response
to various pathological stimuli as “activated brain pericytes” (Table 6.1).

Table 6.1 Soluble factors derived from activated brain pericytes

Activated brain pericytes
BBB Activated brain pericyte-derived soluble
Activators | impairment | factors References
TNF-a O G-CSF, GRO/KC/IL-8, IL-12(p70), Jansson et al. (2014),
1L-17, IL-1«, IL-2, IL-5, IL-6, IP-10, Persidsky et al. (2016),
MCP-1, MIP-1a, MMP-9, NO, RANTES | Matsumoto et al. (2014),
Takata et al. (2011)
Thrombin | O MMP-9, IL-1p, IL-6, TNF-o Machida et al. (2017a, b,
2015)
a-Synuclein | O IL-1B, IL-6, MCP-1, TNF-a, MMP-9 Dohgu et al. (2019)
OSM O IL-6 Takata et al. (2019)
LPS O CCL2, CCL3, CCL4, CXCL1/2/3, Dohgu and Banks
eotaxin, G-CSF, GM-CSF, GRO/KC, (2013), Kovac et al.
IL-10, IL-12(p40), IL-12(p40), IL-13, (2011), Guijarro-Munoz
IL-17, IL-1a, IL-3, IL-6, IL-9, INF-y, etal. (2014)
IP-10, MCP-1, NO, TNF-«a
PDGF-BB |- VEGEF, IL-6, IL-8, IP-10, BDNF, bFGF, | Gaceb et al. (2018b)
BNGF
IL-1B O 1L-8, IP-10, MCP-1, NO, RANTES Persidsky et al. (2016),
Pieper et al. (2013, 2014)
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6.3 Extracellular Molecules as Pericyte Activators

* TNF-«

In the central nervous system (CNS), TNF-a, a proinflammatory cytokine, is
produced by glial cells under brain insults such as stroke (Low et al. 2014) or may
penetrate from the blood to the brain parenchyma across the BBB after injury (Pan
et al. 1999). TNF-a induces the release of matrix metalloproteinase (MMP)-9, a
mediator of BBB dysfunction, from the cell types constituting the BBB such as
endothelial cells, pericytes and astrocytes. Interestingly, among these cell types
brain pericytes are the major source of MMP-9 release at the BBB level (Takata
et al. 2011). TNF-a converts brain pericytes from the normal state to the reactive
state through activation of MAPKs and the Akt signaling pathway, leading to
MMP-9 release. Therefore, activated pericytes are responsible for TNF-a-induced
BBB dysfunction (Fig. 6.1). Along with MMP-9, TNF-a-activated pericytes release
several cytokines and chemokines such as macrophage inflammatory protein
(MIP)-1a, interleukin (IL)-6 and monocyte chemotactic protein (MCP)-1. These
proinflammatory molecules are associated with the development of neuroinflamma-
tion. Surprisingly, the sensitivity of brain pericytes for induction of this cytokine
and chemokine release is much higher than that of microglia, which are well known
to be responsible for immune defense in the CNS (Fig. 6.2). Besides releasing cyto-
kines and chemokines, brain pericytes facilitate migration, phagocytic activity, and
inducible nitric oxide synthase (iNOS) synthesis due to TNF-a stimulation; these
are essential inflammatory reactions (Pieper et al. 2014; Takata et al. 2011). Based
on these findings, brain pericytes could be considered to be the cell type that acts as
a trigger for the induction and development of TNF-a-related neuroinflammation.
In fact, TNF-a-reactive pericytes elicit the activation of microglia; this microglial
state is known to mediate CNS inflammation (Matsumoto et al. 2014; Cianciulli
et al. 2020). Increased release of IL-6 and other, unknown, soluble factors derived
from TNF-a-activated pericytes elevates the iNOS and IL-1p levels in microglia
(Matsumoto et al. 2014, 2018). The ability of TNF-a-reactive pericytes to release
IL-6 is much higher than that of TNF-a-reactive astrocytes. This may be due to a
difference in the intracellular signaling mechanisms underlying IL-6 production
between pericytes and astrocytes (Montagne et al. 2018). Brain pericytes possess a
unique amplification mechanism characterized by cooperation between STAT3 and
NF-kB in TNF-a-reactive pericytes but not in TNF-a-reactive astrocytes. These data
suggest that, in response to TNF-a, pericytes rather than astrocytes may act as the
predominant cell type in mediating mechanisms of microglial activation during
TNF-a-related neuroinflammatory processes such as stroke.

Based on these data, brain pericytes are the most TNF-a-sensitive cell type
among the cell types constituting the CNS and act specifically as effectors of TNF-a
through the production of several molecules during brain inflammatory processes.
Thus, the interactions between activated pericytes and other cell types could be
attractive therapeutic targets for brain inflammation.
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Fig. 6.1 Schematic diagram of the mechanisms by which TNF-a- and thrombin-activated brain
pericytes produce BBB dysfunction through MMP-9 release. TNF-a activates MAPK and Akt
signaling pathways in brain pericytes to release MMP-9. Thrombin elevates MMP-9 release
through PAR1 - PKC 0/5 axis in brain pericytes. MMP-9 release from these activated brain peri-
cytes induces BBB dysfunction through an impairment of tight junctions

e Thrombin

Thrombin is a component of the coagulation cascade and also directly modulates
cellular function through the protease-activated receptors (PARs), which are spe-
cific receptors for thrombin. The PARs are expressed on brain pericytes. Pericytes
have the highest levels of PAR1 expression among the cell types constituting the
BBB such as brain endothelial cells and astrocytes. PAR-2, 3 and 4 expression lev-
els in brain pericytes are lower than those in brain endothelial cells (Machida et al.
2015). Exposure of brain pericytes to thrombin elevates MMP-9 release through the
PAR1- PKC 6/5 axis (Machida et al. 2017a), and brain pericytes are the most
thrombin-sensitive MMP-9-releasing cell type constituting the BBB (Machida et al.
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Fig. 6.2 Comparison of the TNF-a-induced cytokine and chemokine release profile between rat
brain pericytes (right) and microglia (left) in primary culture. Cells were treated with TNF-a
(20 ng/mL) for 24 h. Brain pericytes released higher levels of MCP-1, MIP-1a, IL-6 GRO/KC and
RANTES than microglia. Data are means + SEM (n =9)

2015). It has been shown that MMP-9 is a critical factor evoking BBB dysfunction
(Yang et al. 2007). Indeed, thrombin-stimulated brain pericytes display increased
BBB permeability with decreased expression levels of tight junction proteins such
as ZO-1 and occludin (Machida et al. 2017b). Besides MMP-9, several inflamma-
tory cytokines including IL-1p, IL-6 and TNF-a are released from thrombin-
stimulated brain pericytes (Machida et al. 2017b). Therefore, these mediators
released from pericytes could be associated with the development of BBB dysfunc-
tion and neuroinflammation in the CNS under pathological conditions. Thrombin is
able to penetrate the BBB, suggesting that pericytes may be exposed to thrombin
under both physiological and pathological conditions. In a mouse model of obesity-
associated diabetes, thrombin levels in blood and brain are elevated and BBB per-
meability is also increased (Machida et al. 2017b). Considering these findings,
thrombin transported into the brain from the circulating blood is likely to produce
BBB dysfunction in obesity-associated diabetes through the release of mediators
including MMP-9 from brain pericytes (Fig. 6.1). Thrombin-activated pericytes
with various mediator release properties should be considered as a possible hall-
mark for the development and progression of CNS disease accompanied by
increased thrombin penetration into the brain.
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e o-Synuclein

a-Synuclein is a major component of Lewy bodies that is physiologically
expressed in the presynaptic terminals of various types of neurons in the
CNS. Although a-synuclein exists as an unfolded monomer, it can be misfolded and
subsequently form oligomers and fibrillar structures during the progression of
a-synucleinopathy. Monomeric a-synuclein induces IL-1p, IL-6, MCP-1, MMP-9
and TNF-a release by brain pericytes but not brain endothelial cells (Dohgu et al.
2019). Brain pericytes stimulated with monomeric a-synuclein induce BBB disrup-
tion. Monomeric a-synuclein does not affect PDGF-BB/PDGFRf signaling between
brain endothelial cells and pericytes. These results suggest that brain pericytes are
more sensitive to monomeric a-synuclein than brain endothelial cells in terms of the
release of various inflammatory cytokines and chemokines and MMP-9. These
pericyte-derived factors could contribute to BBB breakdown in patients with
Parkinson’s disease (PD) (Gray and Woulfe 2015).

* Oncostatin M

Oncostatin M (OSM) is a member of the IL-6 family. Among IL-6 family cyto-
kines including IL-6 and leukemia inhibitory factor (LIF), OSM is the most potent
factor in downregulation of the barrier function in brain endothelial cells through
the persistent activation of the JAK/STAT3 pathway (Takata et al. 2008, 2018).
Brain pericytes also have receptors for OSM, and OSM increases the phosphoryla-
tion levels of STAT3 in brain pericytes (Takata et al. 2019). These findings suggest
that brain pericytes have the ability to respond to OSM as well as brain endothelial
cells. Indeed, it was reported that brain pericytes aggravate OSM-induced BBB dys-
function through soluble factors in the in vitro BBB model. The aggravated BBB
dysfunction was abolished by ruxolitinib, a JAK inhibitor (Takata et al. 2019).
These findings suggest that soluble factors released from OSM-activated pericytes
via JAK signaling contribute to an aggravation of OSM-induced BBB dysfunction
(Fig. 6.3). In brain pericytes, IL-6 expression levels were increased by OSM treat-
ment through activation of the JAK/STAT3 pathway. However, the increased IL-6
expression levels in OSM-reactive pericytes were not related to the exacerbated
BBB dysfunction caused by OSM-reactive pericytes (Takata et al. 2019). In future
experiments, it will be important to identify the pericyte-derived mediators respon-
sible for the OSM-induced BBB dysfunction and also to clarify the role of soluble
mediators (including IL-6) from OSM-reactive pericytes in CNS diseases.

* Lipopolysaccharide

Lipopolysaccharide (LPS) is an activator of the innate immune system that is
found in the circulating blood of sepsis (Opal et al. 1999) and HIV-1 (Brenchley
et al. 2006) patients. LPS evokes BBB dysfunction that facilitates penetration of
both immune cells (Pieper et al. 2013) and virus into the brain (Dohgu et al. 2011a).
Brain pericytes respond to LPS stimulation, leading to the detachment of brain peri-
cytes from microvessels and BBB dysfunction including enhanced transcytosis of
the HIV-1 virus across the BBB (Nishioku et al. 2009; Dohgu et al. 2011a). LPS
induces nuclear translocation of the transcription factor NF-kB through Toll-like
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Fig. 6.3 Schematic diagram of the mechanisms by which OSM-activated pericytes induce BBB
dysfunction. OSM activates JAK/STAT3 signaling to release soluble factors from pericytes. The
released soluble factors from OSM-activated pericytes impair barrier function in the brain endo-
thelial cells

receptor 4 in stimulated pericytes (Guijarro-Munoz et al. 2014). Stimulation of
brain pericytes with LPS produces several proinflammatory cytokines and chemo-
kines, including TNF-a and IL-8 (Guijarro-Munoz et al. 2014; Kovac et al. 2011),
which are cytokines that downregulate BBB function (Nishioku et al. 2010; Sun
etal. 2016). These soluble factors derived from LPS-reactive pericytes may be asso-
ciated with LPS-induced BBB dysfunction. Besides the release of proinflammatory
soluble factors, nitric oxide (NO) is also produced from LPS-reactive pericytes
(Kovac et al. 2011; Pieper et al. 2014). NO production in microglia, the immuno-
competent cells of the CNS, plays an important role in the death of dopaminergic
neurons in PD (Dehmer et al. 2000). Thus, both NO production in LPS-reactive
pericytes and NO derived from activated microglia likely participate in CNS patho-
genesis. Microglia are activated by several factors including TNF-a, granulocyte-
macrophage colony-stimulating factor-deficient (GM-CSF) and interferon (IFN)-y,
and contribute to the progression of CNS disease (Nakamura 2002). Brain pericytes
stimulated by LPS release the aforementioned molecules and are likely to induce
microglia activation, suggesting that LPS-activated pericytes facilitate the activa-
tion of microglia due to LPS.

 PDGF-BB
Brain pericytes express receptors for PDGF-BB, which is known as a marker of
pericytes. PDGF-BB signaling is a critical pathway for the recruitment of
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PDGFR-positive mesenchymal cells to the developing brain capillaries, the stabi-
lization of blood vessels and the normal formation of vessels (Lindahl et al. 1997).
Under pathological conditions including cerebral ischemia (Renner et al. 2003) and
traumatic brain injury (Zehendner et al. 2015), increased levels of PDGFRf are
observed in brain pericytes, suggesting that PDGF-BB signaling in pericytes could
be implicated in the recruitment of pericytes to the injury site to repair the injured
blood vessels and to form new vessels. In fact, PDGF-BB signaling in brain peri-
cytes induces the secretion of pro-regenerative molecules including brain-derived
neurotrophic factor (BDNF), basic fibroblast growth factor (bFGF), f-nerve growth
factor (BNGF) and vascular endothelial growth factor (VEGF) (Gaceb et al. 2018b).
In addition to the ability to regenerate blood vessels, pericytes treated with PDGF-BB
can facilitate the release of soluble factors such as IL-6, IL-8 and IP-10 associated
with the activation of immune cells such as T cells, neutrophils macrophages and
microglia (Gaceb et al. 2018b; Williams and Jose 2001; Lee et al. 2017; Matsumoto
et al. 2018). These findings suggest that, in response to PDGF-BB, pericytes could
induce not only pericyte recruitment to vessels but also the infiltration of immune
cells from circulating blood into the brain parenchyma and the migration of acti-
vated microglia to the injured area under pathological conditions in the CNS.

o IL-1p

IL-1pB, a proinflammatory cytokine, is a mediator of BBB impairment (Wang
et al. 2014). Disrupted BBB integrity is observed in CNS disease such as multiple
sclerosis (MS) and during HIV-1 infection (Ortiz et al. 2014; Al-Obaidi and Desa
2018). BBB dysfunction under pathological conditions allows immune cells includ-
ing neutrophils, and viruses in the blood, to infiltrate the brain parenchyma; these
effects are enhanced by the presence of brain pericytes (Dohgu et al. 2011a; Pieper
et al. 2013). IL-1p levels are increased in the cerebral spinal fluid of HIV-infected
patients (Persidsky et al. 2016) and IL-1p is present in and around MS lesions
(Brosnan et al. 1995). These findings raise the possibility that IL-1p is a critical fac-
tor in the control of infiltration of immune cells and viruses across the BBB during
CNS diseases and that the response of brain pericytes to IL-1p is associated with
their infiltration of the BBB. IL-1f stimulation induces the production of several
cytokines and chemokines in brain pericytes, including IL-8, MCP-1, regulated on
activation, normal T cell expressed and secreted (RANTES) and Interferon gamma-
induced protein 10 (IP-10) (Persidsky et al. 2016; Pieper et al. 2013). MCP-1 and
IL-8 elevate BBB permeability (Stamatovic et al. 2005; Sun et al. 2016), suggesting
that pericyte-derived cytokines and chemokines contribute to downregulation of
BBB integrity. Indeed, IL-1f-reactive pericytes support neutrophil transmigration
across the BBB via IL-8 production (Pieper et al. 2013). Along with chemokines
and cytokines, iNOS expression is increased in IL-1f-reactive pericytes. NO gener-
ated by iNOS is a radical gas known to kill invading pathogens.
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6.4 Identification of Activated Brain Pericytes Associated
with BBB Dysfunction

The expression levels of pericyte marker proteins are likely to be changed in accor-
dance with the functional modification of brain pericytes. Pericytes express PDGFRf
(Winkler et al. 2010; Bondjers et al. 2003), CD13 (aminopeptidase N) (Kunz et al.
1994), NG2 (neuron-glial antigen 2 or chondroitin sulfate proteoglycan 4)
(Virgintino et al. 2007; Bondjers et al. 2003), e-SMA (Verbeek et al. 1994), regula-
tor of G protein signaling 5 (RGS-5) (Bondjers et al. 2003), ATP-sensitive potas-
sium channel protein Kir6.1 (Bondjers et al. 2006), desmin (Hellstrom et al. 1999),
vimentin (Bandopadhyay et al. 2001), nestin (Alliot et al. 1999) and CD146 (Chen
et al. 2017). Expression levels of these proteins in pericytes have been widely used
for identifying brain pericytes in in vitro and in vivo studies. Brain pericytes exhibit
different morphologies depending on their cerebral vascular locations (Attwell et al.
2016). At precapillary arterioles and venules, pericytes exhibit mesh-like structures.
Thin strand or helical structures are observed in pericytes at capillaries (Hartmann
et al. 2015). These “mesh pericytes” and “thin-strand pericytes” are categorized as
“capillary pericytes” (Grant et al. 2019); these cells express lower levels of a-SMA
than pericytes located at first-branch arterioles (“‘ensheathing pericytes”) and
smooth muscle cells distributed at penetrating arterioles. Recent studies using RNA
sequencing analyses indicated that pericyte characterizations differ according to
their differing vascular zonation (Chasseigneaux et al. 2018; Vanlandewijck et al.
2018). Capillary pericyte-enriched genes include Pdgfrb, Cspg4 (chondroitin sul-
fate proteoglycan 4 or NG2), Anpep (aminopeptidase N or CD13), Rgs5, Abcc9
(SUR2 subunit of K*-ATP channel), Kcnj§ (Kir 6.1), Vtn (vitronectin) and Ifitrml
(interferon-induced transmembrane protein 1). Arteriole smooth muscle cell-
enriched genes are Acta2 (x-smooth muscle actin), Tagin (transgelin), Myhl I (myo-
sin heavy chain 11), Myl9 (myosin light chain 9) and Mylk (myosin light chain
kinase). Although these RNA sequencing data clearly showed that capillary brain
pericytes exhibit strong mRNA expression of PDGFR and NG2 but not a-SMA,
cultured brain pericytes express detectable protein levels of a-SMA in vitro (Smyth
et al. 2018; Thanabalasundaram et al. 2011; Dore-Duffy et al. 2006). This discrep-
ancy may be explained by a possible contamination of smooth muscle cells in the
isolated capillaries during the primary culture preparation. Cell sorting methods
using a combination of cell surface markers for capillary pericytes (PDGFRp, CD13
and NG2) may be important for the isolation of pure capillary pericytes from brain
capillaries. However, it is possible that a-SMA expression in capillary pericytes
(a-SMA negative pericytes) is upregulated in culture. Indeed, the culture conditions
including culture media, supplements and serum concentration modify their mor-
phology and expression levels of the common pericyte marker proteins CD146,
o-SMA, desmin, NG2 and PDGFRp (Rustenhoven et al. 2018). Importantly,
Thanabalasundaram et al. showed that pericytes differentially affect BBB integrity
in vitro depending on the expression levels of a-SMA (Thanabalasundaram et al.
2011). Pericytic expression of a-SMA is likely affected by bFGF or TGF-f, which
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could be released by neighboring cells. bFGF-treated pericytes showing lower
expression levels of a-SMA stabilize the brain endothelial barrier integrity, while
TGF-f-treated pericytes showing enhanced a-SMA expression impair the barrier
integrity. These authors also found that expression levels of other pericyte markers,
desmin, vimentin and nestin, are lower in TGF-f-treated pericytes (a-SMA-positive
pericytes) compared with bFGF-treated pericytes. In addition, TGF-p stimulates
brain pericytes to release MMP-9 (Takahashi et al. 2014), suggesting that the
increased a-SMA expression in brain pericytes is correlated with MMP-9 release.
bFGF increases PDGFRp expression in brain pericytes (Nakamura et al. 2016). In
response to the PDGFRp ligand PDGF-BB, brain pericytes release VEGF to induce
BBB hyperpermeability (Gaceb et al. 2018b). Increased PDGFRf expression in
brain pericytes was observed in models of ischemic brain injury (Arimura et al.
2012) and 6-hydroxydopamine-induced PD (Padel et al. 2016). PDGFRp-positive
pericytes contribute to the localized proteolytic degradation of the BBB through
MMP-9 release during cerebral ischemia (Underly et al. 2017). These results sug-
gest that brain pericytes with increased expression levels of a-SMA or PDGFRf
exhibit their activated state, releasing BBB disruption factors. Other studies have
suggested that the increased expression of RGS-5 and NG2 in brain pericytes
reflects their activation state during vascular remodeling (Berger et al. 2005;
Ozerdem et al. 2001). This phenotype of brain pericytes was associated with micro-
vascular changes in the brain of Huntington’s disease patients (Padel et al. 2018)
and with pathological changes in the lesioned striatum of PD mice (Padel et al.
2016). However, these studies did not examine the impact of activated pericytes on
BBB function.

Alterations of marker protein expression in brain pericytes may reflect their
immunological responses. LPS induces enhanced a-SMA expression in brain peri-
cytes in parallel with the expression of iNOS, an inflammatory marker protein
(Pieper et al. 2014). In response to LPS, brain pericytes release various cytokines
and chemokines, including factors that contribute to BBB disruption (Dohgu and
Banks 2013; Kovac et al. 2011) and increase expressions of CD11b, CD14 (Gaceb
et al. 2018b), ICAM-1 and VCAM-1 (Guijarro-Munoz et al. 2014). IL-1p-induced
MCP-1 mRNA expression and phagocytic activity are enhanced in pericytes with
decreased expression of the aforementioned pericyte marker proteins (Rustenhoven
et al. 2018).

Another classification of pericyte subtypes is type 1 (Nestin-/NG2+) and type 2
(Nestin+/NG2+) pericytes expressing both PDGFRP and CD146 (Birbrair et al.
2013a). These two pericyte subtypes are functionally different and both are present
in the brain. Type 1 pericytes participate in scar formation after brain injury (Birbrair
et al. 2013b). Type 2 pericytes are involved in normal and tumoral angiogenesis
(Birbrair et al. 2014) and generate neural progenitors (Birbrair et al. 2013a). Birbrair
et al. reported that type 2 pericytes were increased in the tumor after the intracranial
injection of glioblastoma cells. In contrast, both type 1 and type 2 pericytes were
observed in normal brain tissue (Birbrair et al. 2014). These results suggest that
tumor-derived factors induce the recruitment of type 2 pericytes during tumoral
angiogenesis or the transformation from type 1 to type 2 pericytes. However, their
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precise roles in the maintenance of BBB integrity under pathological conditions are
still unknown.

6.5 Conclusion and Perspective

The studies described here have demonstrated that brain pericytes have at least two
separate functional states in terms of the regulation of BBB function, as shown in
Fig. 6.4. Brain pericytes enhance and maintain BBB function under normal physi-
ological conditions. During the progression of pathological conditions, brain peri-
cytes are sensitized to various inflammatory signals as sensors of the disease state or
severity in the periphery and central nervous system, and then are transformed to the
activation state with altered expression of their common marker proteins. Finally, as
effectors, the activated brain pericytes exhibit various inflammatory mediator-
releasable properties and/or migrate from cerebral vascular walls, leading to BBB
dysfunction. Recent advances in transcriptomics analysis show that this approach
would be a useful tool for identifying and profiling activated brain pericytes in vivo
in various mouse disease models with BBB dysfunction. Determination of the key
molecule(s) that induce the switch from “normal” to “activated” pericytes could
accelerate our understanding of brain pericyte pathophysiology and provide new
therapeutic targets for neurodegenerative diseases with BBB dysfunction.

Sensor | Effector
Pericyte activators b p=e e BBB dysfunction
Thrombin ,
Oncostatin M |— a Release various
LPS i inflammatory
PDGF-BB ' mediators
E:[-;a : 80 * Microglial activation
a-Synuclein H OO @ 0 * Detachment from vascular wall

Increased expression of marker proteins
a-SMA
PDGFRpB

Activated
brain pericyte

Fig. 6.4 Schematic diagram of the function of activated brain pericytes. Brain pericytes act as
sensors of various substances (‘“Pericyte activators”), the levels of which are elevated under various
pathological conditions. In response to pericyte activators, brain pericytes are converted or trans-
formed to the activation state. Activated brain pericytes also exhibit alterations in expression of
pericyte marker proteins such as a-SMA and PDGFRp. These activated brain pericytes release
various inflammatory mediators including cytokines, chemokines and matrix metalloproteinases,
which directly disrupt BBB function. Activated brain pericyte-derived factors concurrently induce
microglial activation and pericyte detachment from the cerebral vascular walls, leading to BBB
dysfunction
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Chapter 7
TLR-4 Signaling in Pericytes

Alessandra Stasi, Rossana Franzin, Giuseppe Stefano Netti, Elena Ranieri,
Loreto Gesualdo, Giovanni Stallone, and Giuseppe Castellano

Abstract

Introduction

Pericytes are cells with intriguing properties that have only recently attracted the
attention of numerous researchers. In the past years, their function was mainly asso-
ciated with microvascular homeostasis, angiogenesis and maintenance of blood-
tissue barriers. Recently, several studies suggest that pericytes play a predominant
role in acute as well as chronic diseases contributing to damage or tissue repair in
an organ specific manner. Given their role in inflammatory and fibrotic context, the
activation of pericyte Toll like Receptor-4 (TLR-4) signaling was suggested as a
powerful molecular mechanism of pericytes activation and dysfunction. Here we
review emerging works regarding the involvement of the TLR-4 signaling in peri-
cytes activation both in healthy and pathological conditions.

Methods

For the selection of literature cited we used MEDLINE/Pubmed database and in par-
ticular the MESH vocabulary. The keywords used in the MEDLINE research were:
pericytes; TLR-4 signaling; MyD88 pathway, mesenchymal stem cells; pericyte to
myofibroblast transition (PMT); endotoxin; LPS and LPS-Binding protein (LBP).

Results

Brain and lung pericytes are sensitive to microbial or non-microbial injury by
TLR-4 signaling and exhibit non-professional Antigen-Presenting Cell (APC) char-
acteristics suggesting a prominent role in immunosurveillance. Moreover, renal
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pericytes activate fibrogenesis via the TLR-4 and MyD88-dependent mechanism.
TLR-4 signaling has been reported to be pivotal in various pathological conditions,
including cardiovascular diseases, neuronal degeneration and correlated disorders,
sepsis, lung and renal diseases.

Conclusions

There is an urgent need for exploring TLR-4 signaling in different pericyte popula-
tions in order to develop new therapeutic approaches trying to modulate their behav-
ior in pathological conditions.

Keywords Pericytes - Heterogeneity - Plasticity - Non-professional antigen-
presenting cell - Mesenchymal stem cells - Inflammation - Fibrosis -
Myofibroblasts - Sepsis - Pericyte to myofibroblast transition (PMT) - Endotoxin -
LPS-binding protein (LBP) - TLR-4 signaling - MyD88 pathway - Innate immune
response

7.1 Introduction

As bridge cells, the peculiar characteristic of pericytes is the ability to integrate
information from systemic circulation to organ parenchymal cells and vice versa
(Harrell et al. 2018). Several studies demonstrated that pericytes are responsible for
sensing microorganisms and endogenous molecules by Pattern Recognition
Receptors (PRR), in particular by the Toll like Receptor-4 (TLR-4), likewise senti-
nels in innate immunity (Danese et al. 2007; Pober and Sessa 2015; Guijarro-Mufioz
etal. 2014). As we will discuss, these effects are particularly evident in the brain and
lung after endotoxemic insult (Edelman et al. 2006; Krueger and Bechmann 2010;
Pieper et al. 2014).

In addition, pericytes are not mere gatekeepers in the inflammatory response, but
they directly contribute to the onset of innate immune responses. Indeed, pericytes
are able to control leukocytes activation and trafficking to damaged or infected tis-
sue (Stark et al. 2018) and, under certain conditions, they can modulate T cell acti-
vation and proliferation (Fabry et al. 1993; Balabanov et al. 1999). In pioneering
studies, pericytes were compared to macrophage-like, non-professional Antigen-
Presenting Cells (APC) (Balabanov et al. 1996; Shepro and Morel 1993; Navarro
et al. 2016). Herein, we will review available evidences on pericyte role in different
organs and the TLR-4 signaling involved in pericytes functioning. We will also
comment on potential strategies to modulate TLR-4 activity and the possible conse-
quences in pericytes behavior in different pathological conditions.

7.1.1 The Heterogeneity of Pericytes

Pericytes represent a morphologically heterogeneous cell population ubiquitously
found in different organs (Dias Moura Prazeres et al. 2017). Their heterogeneity is
correlated to their embryonic origin between tissues (Dias Moura Prazeres et al.
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2017). Several studies showed that pericytes in brain and thymus originate from the
neuroectodermis (Foster et al. 2008); those localized in gut, liver, lungs and heart
arise from the mesothelium, while in the other organs such as kidneys, liver and
pancreas they derive from the mesoderm (Armulik et al. 2011). Recently, Yamazaki
et al. showed that a subpopulation of pericytes within the embryonic skin and brain
developed from the hematopoietic lineage by transforming growth factor-p1 (TGF-
B1) signaling (Yamazaki et al. 2017). Therefore, also in the same tissue, pericytes
may be heterogeneous in their origin.

Their diversity influences their behavior and functions in normal and pathologi-
cal conditions; indeed, emerging evidences demonstrated that pericytes with immu-
nomodulatory characteristics arise from mesoderm and are able to suppress immune
response and inflammation as perivascular mesenchymal stem cells and multipo-
tent, self-renewable cells (Harrell et al. 2018).

Moreover, pericytes development and functions are regulated by several signals
coming from parenchymal and circulating immune cells as platelet-derived growth
factor-p (PDGF-f), TGFf, heparin-binding epidermal growth factor (HB-EGF),
stromal-derived factor 1-a (SDF-la), Sonic hedgehog (Shh), Jagged-1 (Jag-1)
Ephrin and macrophages molecules (Levéen et al. 1994; Gaengel et al. 2009;
Stratman et al. 2010; Song et al. 2009; Nielsen and Dymecki 2010; Duque and
Descoteaux 2014). In several pathological settings, such as fibrosis, ischemic organ
failure, tumor growth and metastasis, infections, cardiovascular and neurological
diseases, pericytes are also influenced by other molecular mechanisms (Pober and
Sessa 2015).

Reconstructing the origin of pericytes in several organs is crucial to better under-
stand the molecular signaling responsible for their different functions in physiologi-
cal, as well as in pathological conditions. This understanding may bring new
approaches in clinical practice in which pericyte-target therapy will be efficiently
applied.

7.1.2 The Main Sensor of LPS: The TLR-4

The establishment of an efficient immune response against pathogenic microorgan-
isms such as bacteria, fungi, viruses or protozoan parasites depends on the recogni-
tion of highly conserved microbial products called Pathogen-Associated Molecular
Patterns (PAMPs) by PRRs. Interestingly, these host sensors, also called Primitive
Recognition Receptors evolve before other parts of adaptive immunity and play a
vital role in the function of the innate immune system (Akira et al. 2006;
Mogensen 2009).

The PRR are expressed, mainly, by cells of the innate immune system, such as
dendritic cells, macrophages, monocytes, neutrophils but also on epithelial, endo-
thelial cells and pericytes (Navarro et al. 2016). The most representative PRR are
the Toll-like Receptors (TLRs) (Medzhitov 2001). Beside circulating myeloid cells,
TLR expression has also been observed in different kind of resident cells of brain,
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heart, kidney, lung, liver, small intestine, spinal cord, spleen, and reproductive
organs (Nishimura and Naito 2005). TLRs can recognize several PAMPs including
lipid-based bacterial cell wall components such as lipopolysaccharide (LPS) and
lipopeptides, microbial protein components (i.e. flagellin), nucleic acids such as
single-stranded or double-stranded RNA and CpG DNA (Yang et al. 2016). TLRs
recognize and respond also to Damage-Associated Molecular Patterns (DAMPs),
danger signals, or alarmins which are released by infected, damaged or necrotic
cells. PRRs also mediate the initiation of antigen-specific adaptive immune response
and release of inflammatory cytokines (Yang et al. 2016).

TLRs are a family of PRRs initially identified as Toll proteins in 1984 for their
roles in the early embryogenesis of the fruit fly Drosophila melanogaster (Yang
et al. 2016). In the mammalian TLRs family, all the ten human members are type I
transmembrane proteins characterized by an extracellular leucine-rich ligand bind-
ing domain (LRR) and a signaling, intracellular tail domain called Toll/Interleukin-1
(IL-1) receptor homology (TIR) (Yang et al. 2016). Some TLRs, TLR-1, 2, 4, 5, 6,
and 10, localize to the cell surface, while TLR-3, 7, 8, 9, 11, and 13 are located
within cytoplasmic compartments (Chaturvedi and Pierce 2009). From a molecular
point of view, the binding of TLR ligand to the extracellular LRR region causes
TLR dimerization and conformational changes of the intracellular TIR domains,
with recruitment and activation of the adaptor molecules MyD88, and/or TRIF, with
signal transduction (Chaturvedi and Pierce 2009). Among TLRs, TLR-4 is consid-
ered the major sensor of LPS, one of the outer membrane molecular components of
Gram-negative (i.e. Staphylococcus aureus, Escherichia coli) also defined as endo-
toxin (Munford 2008). LPS contains a lipid A moiety and a sugar moiety of a core
polysaccharide and an O-polysaccharide of variable length (Munford 2008). In the
LPS structure, the lipid A is extremely toxic to humans, therefore plays an essential
role in evoking the inflammatory response and is responsible for systemic vasodila-
tation and hypotension occurring in septic shock.

Normally, the host defense response to LPS includes expression of a variety of
pro-inflammatory cytokines, such as tumor necrosis factor-o (TNF-a) and
interferon-p (IFN-f), and also other pro-inflammatory enzyme as iNOS (inducible
NO synthase) (Terrell et al. 2006). Nonetheless, in addition to LPS, TLR-4 also
recognizes lipoteichoic acid (LTA), fibronectin (Okamura et al. 2001), the fusion
protein of respiratory syncytial virus (RSV) and taxol, a plant diterpene structurally
unrelated to LPS but exhibiting LPS mimetic effects on murine cells (Kawasaki
et al. 2000).

In the TLR-4 pathway, the activation is triggered by interaction between LPS and
LPS binding protein (LBP). Like other acute-phase protein, LBP is produced in the
liver, released in the bloodstream where it recognizes and forms a high-affinity
complex with the lipid A moiety of LPS, as free molecules, fragments, or still bound
to the outer membrane of intact bacteria(Schumann et al. 1990). Recently, the mol-
ecule High mobility group box 1 protein (HMGB1) is emerged as capable to inter-
act with LPS and to transfer LPS to CD14 for enhancing LPS-mediated inflammation
(Youn et al. 2008). Interestingly, HMGB1 shows structural similarity to LBP
although HMGBI has less amino acid (215 aa) (Beamer et al. 1997; Lotze and
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Tracey 2005). Ju Ho Youn et al., demonstrated that HMGB1 triggers TLR-4 signal-
ing in human PBMCs, increasing TNF-a synthesis and amplifying inflammatory
response (Youn et al. 2008).

After the binding of LPS, LBP transfers a single molecule of LPS from aggre-
gates in solution to the adapter CD14, that in turns shuttles LPS to the TLR-4/MD-2
complex, in which MD2 is an accessory protein. CD14 is found in two forms (Youn
et al. 2008); the first is soluble CD14 (sCD14), which occurs in plasma where it
helps to transduce LPS signaling in cells lacking membrane-bound CD14, such as
endothelial and epithelial cells. The second, more extensively studied form of
CD14, is membrane bound (mCD14), attached to the surface of myeloid cells via a
glycosylphosphatidylinositol tail, enabling CD 14 to be membrane proximal despite
lacking a transmembrane domain (Youn et al. 2008). The formation of the LPS/
MD-2/TLR-4 complex on plasma membrane leads to MyD88 or to TRIF recruiting.
The early MyD88-dependent signaling pathway, which is dependent by MyD88-
like adapter (Mal), recruits IRAKSs and activates TRAF6 and the IkB kinase (IKK),
leading to NF-kB activation (Yang et al. 2016). The later response, the MyD88-
independent signaling, uses the TIR-domain-containing adapter-inducing
interferon-p (TRIF) and TRIF-related adapter molecule (TRAM) leading to the late
activation of both IRF3 and NF-kB leading to interferon production, induction of
cytokines, chemokines, and other transcription factors (Yang et al. 2016).
Importantly, TLR-4 is the only TLR that engages both MyD88 and TRIF for intra-
cellular signaling.

Regardless its pivotal role in infections, TLR-4 can recognize also a wide spec-
trum of DAMPs molecules in noninfectious diseases such as in ischemia/reperfusion
injury (IRI), autoimmune diseases and neuroinflammation (Williams et al. 2006).
Physiologically, the pro-inflammatory TLR-4 signaling leads to tissue integrity res-
toration and functional recovery after the acute phase response to an infection, with
protective and beneficial effects. However, in prolonged and excessive TLR-4 stim-
ulation, the initial inflammation can evolve in severe forms, as observed during
sepsis (Guijarro-Mufioz et al. 2014; Kuzmich et al. 2017; Edelman et al. 2007a).

7.1.3 The Molecular Mechanisms of Pericytes in Sepsis:
TLR-4 Immunomodulation

Sepsis is defined as life-threatening organ dysfunction induced by an overwhelmed
immune response to infection (Fani et al. 2018). Despite the development of new
therapeutically approaches the mortality rate remains very high in the intensive care
units (Chirico et al. 2007). During sepsis, the increased levels of endotoxin, proin-
flammatory cytokines and the activation of coagulation system induce a systemic
endothelial dysfunction via TLR signaling pathway (Keynan et al. 2011). From a
cellular point of view, endothelial cells are activated by microbial factors or endog-
enous inflammatory agonists via TLR signaling and participate in early and delayed
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inflammatory responses (Danese et al. 2007; Mai et al. 2013). In particular the acti-
vation of endothelial TLR-2, TLR-4 and TLR-9 modulates the coagulation pathway,
the innate immune pathway and organ fibrosis (Khakpour et al. 2015). However
other cells can take part in vascular dysfunction as pericytes (Navarro et al. 2016).
Because of their proximity to endothelial cells, pericytes contribute to modify blood
flow, vascular permeability, coagulation activity and fibrosis (Castellano et al.
2019a) during sepsis.

Several studies suggested that pericytes were not passive mural cells in the inter-
face between circulating blood and surrounding tissues but they activated the
inflammatory response via PRR, in particular TLR-4 (Edelman et al. 2006). The
engagement of pericytes innate immune receptors, as TLR-4, with microbial and
host-derived agonists, up-regulated the expression of specific cytokines and chemo-
kines, and adhesion molecules such as ICAM-1 and VCAM-1 (Guijarro-Mufioz
et al. 2014). The activation of innate immune pathways by TLR agonists have been
reported to potentiate inflammatory response and to control leucocytes trafficking
and activation. This effect was particularly evident in the brain, where the vascular
pericytes expressed TLR-4; interestingly, the TLR-4 protein levels increased within
cytoplasm after LPS stimulation (Guijarro-Mufioz et al. 2014).

Maintaining pericyte/endothelial cell interactions is crucial to avoid vascular
hyper-permeability and excessive leukocyte recruitment in sepsis (Rudziak et al.
2019). Recent studies showed that LPS treatment induced increased angiogenin 2
(Ang-2), and decreased Ang-1 and tyrosine-protein kinase receptor (Tie-2) expres-
sion in endotoxemic mouse model. Ang-2 is an antagonist of Ang-1 and Tie-2 and
contributed to the pathophysiology of sepsis-induced organ dysfunction resulting in
an overall loss of pericyte coverage and increased hyper-permeability (Zeng et al.
2016). Moreover, the decrease in pericyte density augmented neutrophil/macro-
phage infiltration in both the heart and lung after LPS infusion. Interestingly, the
overexpression of Sirt3 reduced Ang-2 expression and attenuated LPS-induced
pericyte loss and vascular leakage (Zeng et al. 2016).

Therefore, the available data implicate pericytes TLR-dependent pathways in the
inflammatory response during sepsis and organ damage (Rudziak et al. 2019). For
instance, therapies could target pericytes intracellular pathways through specific
inhibitors to control systemic inflammatory response. Indeed, pericytes also main-
tain physiologic homeostasis and contribute to the inflammatory response in term of
protection against infections; as consequences, pericytes-targeted therapies could
modify physiologic responses causing more detrimental effects. Therefore, a better
understanding of the mechanisms by which TLR activation induces harmful
response in sepsis, is necessary to find a specific target to prevent dysfunctional
pericytes activation and organ failure.
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7.1.4 Pericytes and TLR-4 Signaling in Cardiac Diseases:
From Inflammation to Fibrosis?

Cardiac dysfunction is strongly integrated with inflammatory processes. Thus,
excessive inflammatory response in several cardiac diseases with microbial or non-
microbial etiology can be harmful for the organism, inducing a severe damage to
heart tissue (Yang et al. 2016) and other organs as kidney (Scrascia et al. 2017;
Sarnak 2014). During myocardial inflammation, host response is initiated mainly by
TLR-4 (Yang et al. 2016). High levels of TLR-4 expression in myocardial tissue are
associated with a several progression of cardiovascular diseases including myocar-
ditis (Fairweather et al. 2003), injury (Ding et al. 2013), heart failure (Liu et al.
2015), atherosclerosis (Bagheri et al. 2014) and hypertension (Satoh et al. 2016).

TLR-4 is constitutively expressed in cardiac myocytes (Frantz et al. 1999) and
immune cells and is up-regulated in both cell types after injury (Fallach et al. 2010).
Moreover, endothelial cells also express TLR-4 under normal conditions, and
increase its expression after stimulation with pro-inflammatory cytokines (Faure
et al. 2001). To date, it is still not defined which cell type is actually responsible for
the myocardial dysfunction. Tavener et al. (2004) demonstrated that, during myo-
cardial dysfunction, the increased expression of TLR-4 in immune cells had more
detrimental effects than in cardiac myocytes. However, they showed that activation
of TLR-4 in myocytes caused a significant mitochondrial dysfunction that could
amplify cardiac injury (Tavener et al. 2004). Moreover in atherosclerosis disease,
TLR-4 expression was largely confined to endothelial cells and macrophages, sug-
gesting that these two cell types were the primary responders to injury in the plaque
(Edfeldt et al. 2002).

Despite the increased knowledge about the role of myocytes, endothelial and
immune cells, it is not yet clear whether cardiac pericytes are implicated in the
development of disease states (Alex and Frangogiannis 2019). Several studies elu-
cidated the origin of cardiac pericytes. These cells could derive from the epicar-
dium, a single layer of epithelial cells that surrounds the outer layer of the
myocardium (Mikawa and Gourdie 1996). Through the epithelial to mesenchymal
transition (EMT) process, epicardial cells acquired mesenchymal phenotype and
gave rise to cardiac fibroblasts, pericytes, and coronary vascular smooth mus-
cle cells.

Pericytes can effectively mediate multiple functions in the homeostasis of car-
diac muscle, including regulation of microvascular compartment and angiogenesis.
During angiogenesis, endothelial cells are activated by vascular endothelial growth
factor (VEGF) and start to form sprouting vessel tips. In this context, they produce
and release PDGF-BB, which recruits pericytes that stabilize the vessel wall via
direct contact or paracrine signaling. Pericytes secrete proteins and nucleic acids, in
a free form or encapsulated into macrovesicles, inducing endothelial cell growth
and migration for new vessel formation (Caporali et al. 2017). Several studies sug-
gested the involvement of pericytes in regulation of capillary permeability after
myocardial infarction. It has been shown that pro-nerve growth factor (NGF) and
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angiopoietin-2 secreted by cardiomyocytes and endothelial cells respectively, medi-
ated their activation and detachment from blood vessels increasing microvascular
permeability (Fu et al. 2018; Siao et al. 2012).

In addition, cardiac pericytes may secrete a plethora of chemokines and cyto-
kines in response to post-infarction inflammatory stimuli. Similarly to brain and
lung pericytes, these cells could activate inflammatory signaling through TLR, in
particular TLR-4 (Edelman et al. 2007a; Nyul-Téth et al. 2017; Stark et al. 2013),
thereby amplifying the inflammatory damage. Moreover, cardiac pericytes could
also participate in leucocytes recruitment, acquiring an inflammatory phenotype
with an increased expression of adhesion molecules and chemo attractant mediators
(Alex and Frangogiannis 2019). Recently, O’Farrell et al. demonstrated in a rat
model of myocardial IRI that the activation of pericytes and subsequent constriction
contributed to the ‘no-reflow phenomenon’ causing thrombi formation and micro-
vascular obstruction (O’Farrel et al. 2017; O’Farrell and Attwell 2014).

Multiple cardiovascular diseases are associated with cardiac fibrosis that is char-
acterized by the proliferation of fibroblasts and their differentiation into myofibro-
blasts that contribute to the accumulation of extracellular matrix proteins (ECM).
Several evidences demonstrated that also endothelial cells are an important source
for myofibroblasts in cardiac diseases. Despite recent studies showed that pericytes
contributed to organ fibrosis (Leaf et al. 2017; Sava et al. 2017; Sundberg et al.
1996), there are few clear evidences of their involvement in cardiac fibrosis. The
absence of findings that demonstrated the direct involvement of pericytes in cardiac
fibrosis could be probably due to the lack of canonical pericytes markers during the
acquisition of myofibroblast phenotype. However, the fate tracing analysis per-
formed by Kramann et al. revealed new insights in the cellular origin of myofibro-
blast during cardiac fibrosis. The authors of the study, identified for the first time
Glil+ cells, a minority of the mesenchymal PDGFR-f + cells that formed a niche of
perivascular progenitor cells with characteristics of mesenchymal stem cells. The
major finding was that upon injury of liver, lung, kidney or heart, these Glil+ cells
differentiated into myofibroblasts and genetic ablation of these Glil+ cells amelio-
rated fibrosis and organ function. In particular, after angiotensin-2-induced myocar-
dial fibrosis and ascending aortic constriction, the ablation of Glil+ myofibroblast
progenitor population reduced fibrosis severity, cardiac hypertrophy and rescued
systolic left ventricular function following injury (Murray et al. 2017; Kramann
et al. 2015). These papers provide the proof of concept that perivascular pericytes,
despite their mesenchymal cell’s properties, are not beneficial and do not necessar-
ily exert regenerative effects; on the contrary they can be committed to the myofi-
broblast lineage during organ injury. Therefore, it is important to characterize
cardiac pericyte populations, in order to identify the subsets with distinct functional
properties and explore the role of pericyte-mediated actions in cardiac injury, repair
and remodeling (Alex and Frangogiannis 2019).
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7.1.5 Pericytes in Lung Diseases: From Sentinel of Inmune
Response to Mediators of Fibrosis

The lung is the principal organ in constant interaction with external environment
and presents several immune and non-immune cells that play an important role in
the first line defense during infections (Hung et al. 2017a). These cells express PRR
which bind PAMPs and or DAMPs from injured tissue inducing an inflammatory
response which could exacerbate lung injury (Suresh and Mosser 2013). Immune
regulation of this response is controlled by functional interstitial immune sentinel
cells that are identified as pericyte-like cells (Hung et al. 2013, 2017b). These cells
express functional TLR and may act as immunosurveillance cells capable to control
infection and initiate repair of damaged tissue.

In several studies, Edelman et al. demonstrated the expression and the activation
of TLR-4 in rat lung pericytes that increased vessel permeability and production of
IL-1, underlying their involvement in the inflammatory cascade (Edelman et al.
2006, 2007a, b). After TLR activation, these cells up-regulated the leukocyte adhe-
sion molecules, greatly enhancing leucocyte extravasation to lung parenchyma
(Hung et al. 2017a). Therefore, the presence of pericytes in the lung interstitial is
pivotal for early detection of PAMPs and DAMPs from damaged tissue and to
enhance immune cells to scan the local microenvironment (Hung et al. 2017a).

It has been extensively demonstrated that a sustained inflammatory response to
PAMPs or DAMPs results in progressive fibrosis (Rowley and Johnson 2014; Wynn
2008). Lung fibrotic diseases are correlated to different environmental exposure
(asbestos, antigens and viruses) or chronic inflammatory diseases (rheumatoid
arthritis) or, more commonly, are idiopathic (Moore et al. 2013); particularly, idio-
pathic lung fibrosis has a poor prognosis with a high mortality rate (Wynn 2011).

The mechanism that underlies the interaction of the inflammatory process and
fibrosis remains unclear; several studies suggested that the overexpression of
TLR-4 in lung tissue was accompanied by the aggravation of fibrosis (He et al.
2009a, b). The activation of TLR-4 in lung fibroblasts induced the acquisition of
myofibroblasts phenotype (He et al. 2009a; Wang et al. 2017), which are the major
contributors of this process by synthesizing ECM components that contribute to
progressive interstitial fibrosis (Greenhalgh et al. 2013).

The origin of myofibroblasts, particularly in vivo, remains under debate. These
cells could derive from resident fibroblasts, bone marrow-derived MSCs, epithelial
cells and endothelial cells (Greenhalgh et al. 2013); numerous studies demonstrated
that epithelial and endothelial cells acquired a mesenchymal phenotype and contrib-
uted to fibrosis through a process known as EMT or endothelial-to-mesenchymal
transition (EndMT) (Greenhalgh et al. 2015).

Recent lineage tracing studies overall supported the assertion that also pericytes
participated to the myofibroblast population in lung fibrosis (Hung et al. 2013). It is
clear that other cells, such as fibroblasts are also responsible for collagen deposi-
tion. Further studies are certainly warranted to investigate whether targeting the
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pericyte-to myofibroblast transition (PMT) is a viable treatment strategy for lung
fibrosis.

In conclusion, since dysregulated TLR-4 signaling is implicated in lung inflam-
matory process, fibroblasts activation and progressive fibrosis, we can speculate that
this pathway could be involved in PMT and strategies to selectively inhibit TLR-4
signaling could also control pericytes behavior in lung diseases. As emerged by the
literature, these cells not only support the vasculature and regulate immune response,
but are also involved in fibrogenic processes. However, the mechanisms of the PMT
and migration to fibrotic foci need to be addressed.

7.1.6 Pericytes in Neurovascular Diseases and the Impact
of TLR-4 Signaling

The blood-brain barrier (BBB) has a unique structure organized by specialized cap-
illary endothelial cells that interacts with pericytes, astrocyte end-feet, microglia
and neurons (Rustenhoven et al. 2017). The function of BBB is essential to prevent
the exposure of neurons to dangerous molecules, that can modify brain parenchyma
(Rustenhoven et al. 2017; Winkler et al. 2011).

The BBB can be affected by inflammation arising in the brain or the periphery
such as in sepsis. As well known, inflammation is an important process to resolve
infections, but this process could arise detrimental effects in brain, for its limited
regenerative capacity (Horner and Gage 2002). Indeed, the loss of neurons as results
of an inflammatory response cannot be fully recovered (Horner and Gage 2002). It
is clear that the loss of BBB integrity and the inflammation are the principal hall-
marks in neurological diseases such as Alzheimer’s disease (Heppner et al. 2015),
epilepsy (Milesi et al. 2014), stroke (Sakuma et al. 2016), and multiple sclerosis
(Lévesque et al. 2016).

In neuro-inflammatory diseases, the principal cells investigated are microglia
and astrocytes. As previously underlined, also blood vessels are another important
site of cerebral inflammation. In particular, endothelial cells that localize at the
interface of the bloodstream and the surrounding brain parenchyma, contribute to
amplify inflammatory process, allowing entry of peripheral immune cells and
inflammatory molecules causing neurological injury (Smyth et al. 2018).

Recently, brain pericytes are defined as gatekeepers of inflammation tightly reg-
ulating leukocytes infiltration, blood flow as well as the entry of circulating media-
tors and metabolites (Stark et al. 2018). Once leukocytes adhere to the endothelium
and start to transmigrate, they interact with pericytes, which usually form a barrier
to avoid infiltration into the brain parenchyma (Smyth et al. 2018). In the setting of
inflammation, pericytes alter their morphology and up-regulate the expression of
the adhesion molecule, ICAM-1 and release chemokines and chemoattractant fac-
tors as MIF. These encourage the recruitment and infiltration of peripheral immune
cells through the damaged BBB. Thus, pericytes drive migration of monocytes by
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MIF and CCL2 facilitating neutrophil extravasation by MIF and CXCL8
(Rustenhoven et al. 2017; Proebstl et al. 2012). These interactions are crucial for the
efficient navigation of immune cells to the loci of inflammation to execute their
effector functions.

Moreover, pericytes assume a behavior similar to macrophages, phagocytosing
other cells and presenting antigens to immune cells (Rustenhoven et al. 2017).
Herland et al. showed that the exposure of pericytes to cytokines induced the release
of inflammatory molecules and matrix metalloprotease 9 (MMP9), that contributed
to BBB breakdown (Herland et al. 2016). Therefore, pericytes attracted and inter-
acted with myeloid leukocytes ‘instructing” them with PRR and motility programs
(Brown et al. 2019).

In addition, the responses to IL-1p, TNFa, and LPS/TLR-4 through NF-«xB sig-
naling is conserved between endothelial cells and pericytes, as well as the response
to IFN-y through STATI, and to TGFf1 through the SMAD?2/3 pathway (Smyth
et al. 2018). Smyth et al. demonstrated that endothelial cells and pericytes shared
the majority of secreted factors but differed only for the levels of secretion (Smyth
et al. 2018). Interestingly, pericytes secreted high levels of IGFBP-2 and IGFBP-3
that have a key role in endothelial viability, angiogenesis, inflammation and pericyte
coverage (Smyth et al. 2018).

Dohgu S et al., showed that LPS/TLR-4 signaling stimulated a crosstalk between
brain endothelial cells and pericytes, altering BBB and enhancing the infiltration of
HIV to brain parenchyma. Another study from Jansson et al. confirmed that human
brain pericytes are sensitive to LPS, demonstrating that pericytes play an important
role in communicating inflammatory signals and may be involved in blood brain
barrier disruption (Jansson et al. 2014). During meningitis, TLR signaling repre-
sents a key pathway for the dysregulated inflammatory cascade. Then, interfering
with TLR activation may represent a strategic approach to prevent neurological
diseases.

However, the inhibition of MyD88-TLR-2/4 signaling showed detrimental
effects in mouse model of meningitis as a consequence of impaired bacterial eradi-
cation. Thus, the choice of a specific therapy is necessary to control immune
response without inducing immunosuppression (Jansson et al. 2014).

Several studies investigated the role of astrocytes in scar formation in the central
nervous system (CNS). In a recent study, Goritz et al. evaluated the behavior of a
subpopulation of pericytes lining blood vessels in the spinal cord parenchyma
before and after injury (Goritz et al. 2011). They demonstrated that these cells
acquired a myofibroblast phenotype and started to secrete fibrotic factors and
increased connective tissue in the scar (Goritz et al. 2011). The impact of TLR
engagement at the BBB remains to be determined but is expected to be an attractive
therapeutic target to reduce pathogen and immune cells infiltration across the
BBB. The regulation of TLR signaling is considered a therapeutic strategy, but at
the same time it could be associated with a considerable risk. The use of TLR ago-
nists to induce the adaptive immune responses may be efficient for vaccine design
but may also trigger and amplify inflammatory disorders. Therefore, additional
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studies addressing these questions within the CNS microenvironment are warranted
(Hanke and Kielian 2011).

7.1.7  Pericytes in Renal Diseases: From Inflammation
to Fibrosis

Kidney diseases are often primarily characterized by damage to the vasculature.
Renal pericytes are mural cells of the microcirculation, which have been shown to
play a key role in regulating blood flow, angiogenesis, hematopoiesis, progenitor
cell functions, immunomodulation and trophic effects following injury (Shaw et al.
2018). Several studies identified different populations of pericytes such as the gli-
oma associated oncogene Glil-expressing pericytes which contribute to renal fibro-
sis (Kramann et al. 2015), pericytes of the juxtaglomerular arterioles which produce
renin and regulate blood pressure, and mesangial cells which support the glomeruli
architecture and functions (Stefanska et al. 2016).

In renal parenchyma, pericytes are closely associated to endothelial cells and the
crosstalk between these two populations plays a key role in basement membrane
formation, maintenance and remodeling (Shaw et al. 2018). The number of peri-
cytes varies considerably in relation to different regions of tissues and to the age of
organs. Stefanska et al. showed that the number of pericytes and the relative endo-
thelial coverage decreased in the cortex and medulla of aged mice (Stefanska et al.
2015). Moreover the loss of pericytes is a peculiar hallmark of acute kidney injury
(AKI) and it is associated to a declining of kidney function (Shaw et al. 2018).

Besides their known involvement in angiogenesis and vascular homeostasis,
these cells have an active role in the amplification of inflammatory response through
the activation of TLR-4 and MyD88 pathway (Leaf et al. 2017). Pericytes sense
renal damage through TLR-4 and activate MyD88 and IRAK4 inducing the synthe-
sis and the release of inflammatory mediators as IL-1p. Through autocrine mecha-
nism pericytes respond to IL-1f and amplify inflammatory response (Leaf et al.
2017). Thus, pericytes promote the activation and the recruitment of the innate
immune cells, critical for eradicating microbial infection and endogenous danger
signal. Chemoattractants facilitate leukocyte extravasation from the bloodstream to
the renal parenchyma and instruct leucocytes to exert their effector functions (Leaf
et al. 2017).

Moreover, TLR-4/MyD88/IRAK4 axis mediates pro-fibrotic pathways, contrib-
uting to fibroblast accumulation and activation in damaged renal parenchyma
(Castellano et al. 2019a; Leaf et al. 2017). Several studies demonstrated that TLR-4-
deficient mice were protected from renal fibrosis with a strong decrease of extracel-
lular matrix deposition at tubulointerstitial level (Souza et al. 2015). Recently, Leaf
LLA. et al. demonstrated that both profibrotic TGF- receptors and TLR-4/MyD88
are required for PMT process (Leaf et al. 2017). These pathways cooperated in trig-
gering PMT process and TLR-4 pathway transduced profibrotic signal to TGF-p-R
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Fig. 7.1 LPS profibrotic effects. (a) Dysfunctional activation of renal pericytes in a swine model
of LPS-induced AKI. Pericytes were double-stained for PDGFRf (green) and a-SMA(red). In
healthy pigs (T9 CTR) PDGFR* pericytes were weakly positive for a-SMA. After 9 h from LPS
infusion pericytes acquired myofibroblast phenotype, as shown by the colocalization of the two
markers in the interstitium and at glomerular level. (b—c) In vitro effects of LPS. Pericytes were
stimulated with LPS for 24 h. These cells showed high level of a-SMA expression localized in
stress fibers and increased collagen I synthesis. Modified from Fig. 1 and Fig. 2 in Int. J. Mol. Sci.
2019, 20, 3682; doi:https://doi.org/10.3390/ijms20153682 (Castellano et al. 2019a). License:
(http://creativecommons.org/licenses/by/4.0/)

pathway (Leaf et al. 2017). Accordingly, in our recent study we showed the profi-
brotic effects of LPS on pericytes (Fig. 7.1b—c) and the molecular mechanism of
MyD88 and TGFBRI/II transactivation (Castellano et al. 2019a). We showed that
after TGFp-Receptor-blocking, LPS induced the SMAD2/3 phosphorylation in a
TGF-p independent manner and pericytes underwent PMT. In addition, LPS induced
the synthesis and the secretion of TGF-f in pericytes, promoting an autocrine self-
sustaining positive feedback loop that amplified renal fibrosis progression (Fig. 7.2)
(Castellano et al. 2019a). Moreover, in a swine model of LPS-induced AKI, we
demonstrated the occurrence of PMT. After 9 h from LPS infusion (T9 LPS), renal
pericytes increased the expression of a-SMA marker and acquired a myofibroblast
phenotype (Castellano et al. 2019a). The co-localization of their constitutive marker
PDGFfR and a-SMA was more evident in arterioles, peritubular capillaries and
mesangial cells (Fig. 7.1a). Finally, we also underlined the key role of LBP in trig-
gering inflammatory and fibrotic response also at low concentration of LPS
(Castellano et al. 2019a).

Our findings are in line with other studies that described LBP as a “biological
taxi service” for maximizing cellular response to endotoxin (Castellano et al. 2014,
2019a; Stasi et al. 2016). As well known, LBP is an acute phase protein synthesized
by hepatocytes after microbial or non-microbial insult. In our study, we demon-
strated a local renal synthesis by pericytes after TLR-4 activation, underlying their
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