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Abstract

Protein localization in endothelial cells is tightly regulated to create distinct signaling domains
within their tight spatial restrictions including: luminal membranes, abluminal membranes, and
interendothelial junctions, as well as caveolae and calcium signaling domains. Protein localization
in endothelial cells is also determined in part by the vascular bed, with differences between
arteries and veins and between large and small arteries. Specific protein polarity and localization is
essential for endothelial cells in responding to various extracellular stimuli. In this review, we
examine protein localization in the endothelium of resistance arteries, with occasional references
to other vessels for contrast, and how that polarization contributes to endothelial function and
ultimately whole organism physiology. We highlight the protein localization on the luminal
surface, discussing important physiological receptors and the glycocalyx. The protein polarization
to the abluminal membrane is especially unique in small resistance arteries with the presence of
the myoendothelial junction, a signaling microdomain that regulates vasodilation, feedback to
smooth muscle cells, and ultimately total peripheral resistance. We also discuss the
interendothelial junction, where tight junctions, adherens junctions, and gap junctions all convene
and regulate endothelial function. Finally, we address planar cell polarity, or axial polarity, and
how this is regulated by mechanosensory signals like blood flow.

Keywords
endothelium; protein localization; signaling domains; arteriole

"Corresponding Author: Brant E. Isakson, Robert M. Berne Cardiovascular Research Center, University of Virginia School of
Medicine, P.O. Box 801394, Charlottesville, VA 22908, USA, P: 434-924-2093, F: 434-924-2828, brant@virginia.edu.

these authors contributed equally
Author Contributions
AGW and CAR contributed equally to the writing of the manuscript. AGW created Figure 1-3. CAR created Figure 4. PJH reviewed
the manuscript and made important intellectual contributions. PJH conceptualized and created Table 1. BEI conceptualized the
original idea and critically reviewed the manuscript throughout the writing process.

Disclosure Statement
The authors have no conflicts of interest to declare.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wolpe et al. Page 2

Introduction

Endothelium of resistance arteries is the key regulator of vasodilation, vascular permeability,
inflammation, and immune signaling. The endothelium arguably sees some of the most
dynamic stimuli from constant exposure to circulatory pressure and flow on the luminal side,
and direct cellular contact with smooth muscle cells on its basal side. Since these
perturbations can be chemical, electrical or mechanical in nature, protein localization and
polarity must be clearly defined within the cell to manage accurate signal propagation
among the diverse and numerous stimuli. This is a challenge in endothelium due to the
squamous nature of the cells. Endothelial cell morphology is unique, flattened to be less than
1pm thick with a protruding nuclear bulge.(1) Yet, the endothelium can remarkably polarize
along two axes of the blood vessel: (1) apical-basal polarity aligns with the luminal-
abluminal axis while (2) planar cell polarity aligns with the longitudinal axis of the vessel.
The goal of this review is to highlight the unique protein polarization between the luminal
and abluminal membranes as well as the planar cell polarity of the endothelium and to
provide insight on how this is regulated to control endothelial function. Although we focus
on the endothelium from resistance arteries, comparisons to conduit and venous endothelium
are used throughout and sometimes are necessary to highlight or extrapolate concepts.

On the Face of Flow: Luminal Membrane

Endothelial cells are positioned within an asymmetrical extracellular environment, where
their apical membrane is exposed to the vessel lumen and in direct contact with the cells and
factors of the blood while the abluminal membrane is in close proximity to the overlaying
smooth muscle cells and the internal elastic lamina (IEL), a specialized extracellular matrix
(shown in Figure 1). It is important to note that due to the “flattened” endothelial
morphology, the distance between the luminal and abluminal membranes of an endothelial
cell can be as low as 200 nm.(1, 2) Despite this short distance, both the luminal and
abluminal surfaces demonstrate unique protein localization and specialized functions. For
instance, endothelial proteins involved in the inflammatory response, such as E-selectin,
ICAM-1, and VCAM-1, are upregulated and localized to the luminal surface apropos for
interacting with leukocytes in the circulation.(3, 4) These proteins facilitate leukocyte
adhesion, rolling and transmigration involved in tissue infiltration. One might similarly
expect a majority of endothelial signaling receptors and G-coupled proteins receptors
(GPCRs) to be localized to their luminal face, to detect signaling ligands in the circulation,
however, there is a dearth of evidence of the subcellular distribution of these receptors. In
this section, we highlight the polarization of proteins to the luminal surface of endothelium
and discuss where explicit localization studies are still needed.

Regulators of endothelial function on the luminal surface—In this section, we will
highlight some of the major regulators of vasodilation/vasoconstriction, coagulation, and
inflammation pathways on the luminal endothelial surface of resistance arteries. Although
we limit our discussion to peripheral arterioles, it should be noted that luminal/abluminal
endothelial polarity has also been noted in the cerebral vasculature.(5)

J Vasc Res. Author manuscript; available in PMC 2022 January 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wolpe et al.

Page 3

Glycocalyx—A hallmark example of this luminal/abluminal polarity is the glycocalyx,
which is only present on the luminal side of the endothelium (shown in Figure 1). It is
composed of glycosaminoglycans, glycoproteins, and proteoglcycans and is approximately
2-3um thick in small arteries.(6),(7) The glycocalyx facilitates the formation of luminal
microdomains by providing a binding surface for circulating factors. Heparan sulfate
proteoglycan (Table 1), a large proportion of the glycocalyx,(8) bears a significant negative
charge at physiological pH, which ultimately promotes electrostatic interactions with
positively-charged residues on circulating proteins and factors.(9) The electrostatic force is
adequate to initiate a stable interaction that can occur with various ligands,(9, 10) and
sequences for binding are often noncontiguous positively charged residues.(10) A major
physiologically relevant group that binds to luminal heparan sulfate are anticoagulants,
including antithrombin I11,(11) heparin cofactor 11,(12) and tissue factor pathway inhibitor
(TFPI).(13) The heparan sulfate-antithrombin interaction is one of the most well studied in
the field and involves a rare 3-O-sulfation within a specific pentasaccharide on heparan
sulfate, making antithrombin one of its most specific ligands.(14-16) The ability of these
anticoagulants to interact with heparan sulfate at injury sites ensures the restoration of
homeostasis rather than vessel-occluding thrombi. Circulating growth factors comprise
another major group that binds to the glycocalyx, which include fibroblast growth factor
(FGF),(17) transforming growth factor beta (TGF-B),(18) platelet-derived growth factor
(PDGF),(19) hepatocyte growth factor,(20) and vascular endothelial growth factor (VEGF).
(21) Heparan sulfate and heparin act as low affinity receptors for FGF,(22) and their
interaction facilitates the dimerization of high affinity receptors (FGFR1-4) leading to
activation and induction of signaling.(23, 24) While we have highlighted two major
examples of how the glycocalyx facilitates luminal microdomain formation, there are
numerous other circulating factors that bind to the glycocalyx including enzymes,
chemokines, and cytokines.(9, 25)

The glycocalyx is also instrumental in mechanotransduction. Its presence on the luminal
surface regulates endothelial function by relaying changes in shear stress.(26-29) A number
of studies have investigated the role of the glycocalyx in nitric oxide (NO) production
following exposure to shear stress. Specifically, when the glycocalyx is experimentally
degraded, shear stress-induced nitric oxide production is reduced, thereby defining the
glycocalyx as a regulator of this process.(26—29) This glycocalyx mediated
mechanotransduction may be physiologically more relevant for arterial endothelial cells,
which experience higher shear stress compared to the venous endothelium.(30-33) In
contrast, glycocalyx shedding may be more physiologically relevant in postcapillary venules
than arterioles. The glycocalyx sheds in response to tumor necrosis factor alpha (TNF-a)
(34, 35), angiopoeitin-2,(36) and matrix metalloproteinases,(28) factors that are upregulated
in cardiovascular disease and inflammation. This shedding helps expose the shorter
leukocyte adhesion molecules that are also polarized to the luminal surface, such as P-
selectin, in order to facilitate an inflammatory response, which canonically occurs in
venules.(37)

Vasodilation/Vasoconstriction—A crucial physiological homeostatic role of
endothelial cells is the regulation of peripheral resistance through modulating vasodilation
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and vasoconstriction pathways. Many vasoactive signaling molecules are expressed on the
luminal face of the endothelium, and thus, one could imagine that vasoactive receptors
would be preferentially expressed on the luminal face of the endothelium in direct contact
with vasoactive ligands in the blood. However, the subcellular localization of many
vasoactive receptors has not yet been described in the endothelium. In this section, we
discuss luminal localization for the receptors of acetylcholine, bradykinin, angiotensin, and
epinephrine.

Muscarinic M3 receptors enriched on the luminal face of the endothelium(38, 39) where the
vasoactive neurotransmitter acetylcholine (Ach) can bind and induce vasodilatory signaling
in the arterial wall. However, due to the presence of cholinesterases in the plasma,
circulating Ach is unlikely to act in an endocrine/paracrine manner and significantly
contribute to the activation of muscarinic M3 receptors; rather, it appears the major source of
vasoactive Ach is generated from microvascular endothelial cells, which express choline
acetyltransferase and can release Ach in an autocrine manner.(40-45) In resistance arteries,
the elicited pathway is predominately endothelial derived hyperpolarization (EDH), rather
than NO-based signaling.(46-49)

Endothelial cell expression of the bradykinin G-protein coupled receptor B, is enriched on
the luminal face of the endothelium.(50) Bradykinin is a vasoactive substance that binds and
activates B, to promote endothelial dependent dilation,(51-54) by inhibiting adenylyl
cyclase, activating PLC, and increasing endothelial intracellular Ca2*, which ultimately
causes the release of NO and prostaglandins.(55) Bradykinin binding to B, can also activate
EDH in resistance arteries, although to a lesser extent.(47, 52) In small arterioles, B, is more
highly expressed on SMCs rather than ECs, while larger arteries preferentially express B, on
ECs and not SMCs.(50, 56) This expression pattern aligns with well-described dominance of
NO-based vasodilation in conduit arteries compared to resistance arteries.(46) While B,
receptors are widely expressed throughout the healthy endothelium,(50) B1 expression is
limited to the endothelium of cerebral(57) and hepatic(58) microvessels. Its expression in
homeostasis is minimal, however, it is induced following peripheral tissue injury,(59), in the
presence of the proinflammatory cytokine interferon-gamma (IFN-A), (57) or following
infection of Plasmodium chabaudi. (58) The resultant activation increases endothelial
calcium activity and promotes inflammatory response.

The renin-angiotensin-aldosterone system is a critical player in regulating blood pressure
homeostasis and involve vascular cells. Endothelial cells express angiotensin converting
enzyme (ACE) on their luminal surface where it can readily generate the potent
vasoconstrictor angiotensin 11 from circulating angiotensin 1.(60-63) ACE is also implicated
in the degradation of the circulating factor bradykinin, a process that also favors
vasoconstriction and is more highly expressed within arterioles compared to conduit arteries
and veins in human samples.(64) However, the polarization of angiotensin 1l receptors
within endothelial cells of resistance arteries is less clear. The receptors for angiotensin Il,
ATR and AT;R, are expressed on endothelial cells,(65-67) but expression varies across
species and vascular bed,(67) and in resistance vessels, the expression may be regulated by
angiotensin |1 itself.(68) While AT{R is most highly expressed in homeostatic conditions,
AT,R is highly expressed during development,(69) and its expression is induced by shear
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stress(69, 70) or following vascular injury.(71-73) Activation of endothelial AT{R and AT,R
counteracts vasoconstriction responses elicited by AT4R activation on SMCs,(67, 74-76) but
the endothelial receptors also have roles in proliferation(77) and apoptosis.(77, 78) Many of
the functional studies on endothelial AT receptor function focus on conduit arteries, such as
the carotid(74, 76) or aorta,(70, 72) while vessel AT receptor function is often studied in
small resistance arteries.(79, 80)

Circulating angiotensin Il also stimulates the release of endothelin-1,(81, 82) an endogenous
21 amino acid peptide that promotes vasoconstriction and is primarily produced by and
stored within endothelial cells.(83-85) Its ET 4 receptor is found mainly on vascular smooth
muscle cells, where binding of endothelin-1 induces the canonical vasoconstriction
response; while its ETg receptor is mainly found on endothelial cells (and on VSMCs in
large pulmonary arteries)(86) where it can promote nitric oxide and prostacyclin release.(87,
88) Distribution of these receptors has been studied in the specialized vasculature of kidney,
(89) liver,(90, 91) and lung(92, 93) via immunohistochemistry methods that demonstrate
localization within the endothelium.(94) Despite this, a subcellular electron microscopy
study was unable to detect ETg receptors in human coronary endothelial cells;(95) thus,
there is limited information about polarization of ETg within endothelial cells (i.e., luminal
versus abluminal) or within the endothelium of peripheral resistance arteries.

Functional studies demonstrate that B-adrenergic receptors are expressed by the
endothelium, in addition to their well-described role in SMCs. Denudation attenuates the
vasodilatory response to increasing doses isoproterenol in both large(96) and small arteries,
(97) indicating that endothelial cells respond to B-adrenergic stimuli. However, there is little
data available about the localization of endothelial B-adrenergic receptors. The p2-
adrenoceptor was reported to be predominantly expressed over the p1-adrenoceptor in the
internal mammary artery by autoradiograhy using [12°1]-cyanopinodolol binding sites when
incubated with ICI 118,551 (B1) or CGP 20712A (B2).(98) However, his assay is insufficient
to describe subcellular expression of the adrenoceptors in the endothelium. The p2-
adrenoceptor has been reported to localize to the cell surface of rat lung microvascular
endothelial cells /n vitro under basal conditions and shown to internalize in response
depletion of the GTPase Rab5a.(99)

Purinergic Signaling—~Purinergic signaling in the arterial vasculature is best known for
its vasoconstrictive properties, though it is also associated with vasodilatory signaling.(100)
In the kidney, adenosine infusion reduces single nephron glomerular filtration rate due to
afferent arteriole vasoconstriction, likely induced by a.1-adrenergic receptor activation.(101)
Similarly, ATP can be released by perivascular nerves is generally thought to induce a.-
adrenergic receptor-mediated smooth muscle constriction,(102) though coronary arteries
(250-500um diameter) isolated from lamb have been reported to dilate in response to ATP.
(103) Recent work from our lab suggests that endothelial ATP, released through pannexin 1
(Panx1) channels, regulates cerebral myogenic tone. Endothelial-specific deletion of Panx1
exhibited diminished myogenic tone while smooth muscle-specific deletion of the channel
had no effect on the generation of vessel tone.(104) However, in the systemic vasculature,
endothelial purinergic signaling facilitates vasodilation. In cultured endothelial cells, the
alpha subunit of ATP synthase localizes to the apical surface,(105) which likely facilitates
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ATP release by ECs in into the vessel lumen.(106-109) ATP can bind to purinergic receptors
on the apical membrane, including P2Y; and P2Y5.(110, 111), (112) Based on the autocrine
signaling pathway and luminal release of ATP, these purinergic receptors may also be
localized on the luminal surface of the endothelium.(102, 113) However,
immunohistochemistry on P2Y, receptors in the intact endothelium of murine third order
mesenteric arteries demonstrates a punctate-like distribution pattern, but it unclear if these
are localized to the luminal face.(110) Furthermore, an electron microscopy study on splenic
endothelial cells identified P2Y1 and P2Y g receptors on the abluminal surface of endothelial
cells.(114) Additionally, P2X, receptors, which bind ATP and its derivatives, expressed
more highly in the human saphenous vein compared to human mammary or radial artery.
(115) P2X4 deficiency on endothelial cells leads to a reduction in NO production and an
increase in blood pressure.(116) The subcellular localization of this receptor has not been
described in ECs, and additional studies are needed to determine its polarization in
resistance arteries.

Coagulation—A major endothelial function is balancing the injury repair mechanism of
clotting to regulate the size of the repair. This requires the localization of anticoagulants to
the site of clot formation. These anticoagulants primarily localize to the luminal face of the
endothelium, and are able to bind more effectively in lower flow environments like the
microcirculation.(117) For instance, thrombomodulin is expressed on the endothelial
luminal surface of arteries, veins, and lymphatics(118) and binds directly to thrombin to
prevent its interaction with circulating procoagulant factors.(119, 120) CD39, an
ectonucleotidase of the E-NTDPasel family, is localized to the luminal surface of the
endothelium and reduces platelet aggregation through converting extracellular ATP to ADP.
(121, 122) In pathogenic thrombosis, venous and arterial thrombi exhibit phenotypic
differences, where venous thrombi contain more fibrin and arterial thrombi contain more
platelets.(123) This suggests a mechanistic difference in the coagulation pathway across
vessel type; however, it is likely due to differences in shear stress and flow rather than
expression differences of coagulation mediators.

A summary of the polarized protein in luminal endothelium is demonstrated in Figure 1.

Abluminal Membrane

Protein localization on the abluminal face of endothelial cells facilitates cell adhesion and
heterocellular communication between ECs and SMCs. Here, we will examine proteins that
are polarized to the abluminal compartment of the endothelium and highlight their roles
within resistance arteries and impact on whole animal physiology.

Internal Elastic Lamina—In immediate contact with the abluminal endothelial surface is
an extracellular matrix termed the internal elastic lamina (IEL), which separates ECs from
SMCS. The IEL of intact vessels, when viewed in cross section, is a wavy, dense layer
situated between endothelium and smooth muscle.(124, 125) In conduit arteries, laminae are
also present between smooth muscle layers.(46) When viewed ¢en face, the IEL of resistance
arteries, but not conduit arteries, has a high proportion of fenestrations in the matrix
separating the endothelium and SMCs.(46, 124, 126) Although it can vary by vascular bed,
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the fenestrations generally have a circular shape where extracellular matrix proteins are
absent.(46, 124, 126, 127) These fenestrations facilitate the heterocellular communication
that is vital to regulating vasodilation and vasoconstriction pathways in resistance arteries,
through allowing highly specific signaling microdomains to form called myoendothelial
junctions.(46, 56, 124, 128-134) This layer also serves as an adhesion substrate for integrins
that are localized to the endothelial abluminal surface, which participate in a number of
important processes such as angiogenesis.(135-137)

The IEL layer consists of collagen IV, elastin, lamin-8/10, nidogen, and heparan sulfate
proteoglycans;(138-142) however, the compaosition is not uniform across vascular bed or
vessel size.(139, 141, 143, 144) For example, conduit arteries, often referred to as elastic
arteries due to their high elastin content, function to absorb the force generated by the heart.
(141, 144, 145) Elastin in resistance arteries, although not as prevalent,(144) still
demonstrates important functionality in bearing longitudinal stress, rather than
circumferential stress (as in conduits).(139, 140) /n vitro work demonstrates secretion of
other extracellular matrix proteins and suggests a collaborative effort between the
endothelial and smooth muscle cells in forming the IEL.(138, 146) For example, endothelial
derived extracellular matrix proteins include fibronectin(147) and elastin,(148-150) while
collagen I and I11 are secreted from the smooth muscle cell layer and are regulated by
endothelial nitric oxide.(151) In injury or inflammation, additional matrix proteins such as
fibrinogen or fibronectin are secreted.(152, 153) However, it is unclear whether these
proteins identified /n vitro are deposited in the IEL of intact vessels, become part of the
adventitia, or are released into the circulation. For example, collagen I is more prevalent in
the adventitia rather than the IEL of cremaster arterioles.(139)

Myoendothelial Junctions—Myoendothelial junctions (MEJ), also referred to as
myoendothelial projections or myoendothelial gap junctions, are an anatomical hallmark of
resistance arteries. The junction, first identified in Rhodin’s electron microscopy
ultrastructural analysis of small arteries,(154) is formed through a club-like endothelial
projection through the aforementioned IEL fenestrations, in which ECs can directly contact
and communicate with the overlaying SMC.(124, 125, 132, 155, 156) Although rare,
instances of SMC projections through the IEL have also been reported.(157) The MEJs are
considered signaling microdomains due to the localization of many signaling molecules
involved in heterocellular communication; thus, a large portion of abluminal protein
polarization occurs in these distinct regions. It is hypothesized that the unique protein
localization that occurs at MEJs facilitate endothelial derived hyperpolarization (EDH), the
dominant vasodilatory signaling mechanism in resistance arterioles.(46—49, 134) (158) Key
players of EDH which localize to the MEJ include transient receptor potential vanilloid 4
(TRPV4), calcium-activated intermediate conductance potassium (IKc3) channels, and
hemoglobin alpha (shown in Figure 2). TRPV4 channels facilitate calcium influx at the
MEJ, (128, 131) leading to IKc, channel activation.(159) The efflux of potassium ions
hyperpolarizes SMCs and this results in vasodilation.(160) Inward rectifying channels are
also an essential mechanism whereby endothelial cells conduct hyperpolarization and thus,
vasodilation in systemic and cerebral arteries.(161-163) While their expression has been
implicated in the MEJ, their precise sub-cellular localization in the endothelium is not
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currently known. Understanding the localization of inwardly rectifying potassium channels
could be helpful in deciphering it’s functional relationship to other ion channels or gap
junctions.(164)

Specialized localization to the MEJ can alter how protein activation effects cellular
physiology. Calcium-activated small conductance potassium SK¢, channels have been
observed at the MEJ, though they are primarily localized to interendothelial junctions.(159)
The distribution of SK¢, in endothelium may indicate the channels participation in distinct
signaling pathways. The SK¢, localized to the MEJ likely participates in EDH, (165) (166)
whereas SK¢, channels present at interendothelial junctions may be better positioned to
activate eNOS localized in luminal caveolae or on the golgi and generate NO for luminal
release. Independent calcium events are likely required to activate both pools of SK¢c,
channels, further illustrating how localization can dictate function.

Connexins are enriched at the MEJ and also regulate vasodilation and vasoconstriction
pathways. In small arterioles, connexin 37, 40, and 43 are most prevalent (Cx37, Cx40,
Cx43, respectively),(159, 167) with connexin 40 exhibiting arterial specificity in mice.(168)
Although connexins are enriched at the MEJ, they are also found at the interendothelial
junction (Table 1). When assembled as hexamers, connexins form gap junctions that
physically link the cytoplasm of two cells. Heterocellular communication occurs through
gap junctions to facilitate EDH (169) and myoendothelial feedback.(132, 170, 171)
Myoendothelial feedback is critical in regulating the degree of constriction elicited through
a-adrenergic activation on SMCs. This feedback occurs when the inositol 1,4,5-
trisphosphate (IP3) generated in VSMC diffuses through myoendothelial gap junctions,
where it then activates vasodilatory signaling in ECs as negative feedback regulation.(132,
172-176) Myoendothelial feedback can also occur when calcium from smooth muscle cells
transverses the gap junctions to induce vasodilatory signaling in endothelial cells.(132, 177)
When Cx40 gap junctions are blocked by loading inhibitory antibodies, this negative
regulation is lost, illustrating the functional importance of gap junctions within this
microdomain.(169) The localization of gap junctions to the abluminal surface of the
endothelium, and within the MEJ signaling microdomains, is essential in modulating
vasodilatory signaling.(46)

While EDH-mediated vasodilation is dominant in resistance arteries, NO still contributes to
vasodilatory signaling within these vessels.(124, 125, 178, 179) Since NO has such a short
half-life,(180) enrichment of eNOS to myoendothelial junction allows for quick diffusion of
NO to the VSMC membrane where it activates vasodilation. Our lab has shown that that
eNOS activation at MEJ is differentially activated compared to eNOS elsewhere in the
endothelium, creating two functionally distinct pools of eNOS (Table 1).(56) This is likely a
result of eNOS-lipid interactions at the MEJ microdomain, and another example of how
protein localization to microdomains impacts its function.(56) Regulators of eNOS,
including hemoglobin alpha, CYB5R3, PAI-1, and caveolin-1 also localize to MEJs.(124,
125, 181-183) Hemoglobin alpha, a protein specifically expressed in the resistance artery
endothelium,(125) is also enriched within the MEJ where it regulates endothelial nitric oxide
synthase (eNOS),(124, 125) and may influence the dominance of EDH-based vasodilation in
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these vessels.(46) For an extensive review on the function of nitric oxide in endothelial cells
please reference Leo et al. 2020.(184)

As discussed at length in this section, calcium signaling at the MEJ is crucial for regulating
the extent of vasodilation and vasoconstriction. It follows that the endoplasmic reticulum
(ER), a major source of intracellular calcium, is enriched within MEJ microdomains, as
identified via electron microscopy in both hamster mesenteric arteries and mouse cremaster
arterioles.(132, 156) Several studies have also demonstrated the presence of ER-associated
proteins within these restricted areas.(130, 133, 185) Specifically, inositol trisphosphate
receptor (IP3R) 1,(133) calreticulin,(56, 125, 130) SERCA,(185) and calnexin(186) have all
been identified within IEL holes. Calreticulin, canonical marker of the ER lumen,(187)
localizes to 80% of the IEL holes in resistance arteries, but influences heterocellular
communication in an ER-independent manner.(130) Each ER marker appears to have its
own level of occupancy within the IEL holes (not all studies cited include quantification).
(130) A future study that quantifies each respective ER marker may help us better
understand the role of ER localization at the MEJ. Recent work has illustrated that
mitochondria are also present in the MEJ and may dicate the localization of calcium events
in the MEJ.(188) The presence of these organelles to the abluminally situated signaling
microdomain in MEJs is an example of spatial optimization to quickly initiate a vasodilation
response downstream of ER calcium release.

The MEJ is a microdomain within resistance arteries where signaling occurs to regulate
vasodilation and ultimately total peripheral resistance. In this section, we discussed the
following proteins localized MEJ: TRPV4, IK¢,, hemoglobin alpha, CYB5R3, caveolin-1,
connexin 37, connexin 40, connexin 43, eNOS, inositol trisphosphate receptor 1,
calreticulin, SERCA, and calnexin. In the next section, we also discuss a kinase anchoring
proteins at the MEJ. Although not discussed at length here, it should be noted that a number
of other proteins have also been identified at the MEJ: N-cadherin,(167) F-actin,(167, 189,
190) desmin,(167) plasminogen activator inhibitor 1 (PAI-1),(189-191) serpin binding
protein-1 (SERBP1),(190) staufen,(190) nicotinamide phosphoribosyl transferase
(NAMPT),(190) Notch 1,(191) Notch 2,(191) Notch 3,(191) and Jagged 1.(191) Although
protein localization at the MEJ, and the resulting functional consequences, are well studied,
only a few studies have examined their formation mechanism, (46, 189, 190) and much
remains to be discovered regarding their temporal dynamics and spatial organization within
the arterial wall.

A kinase anchoring proteins—A kinase anchoring proteins (AKAPS) primarily
function as scaffolds to create microsignaling complexes within cells that allow for specific,
intentional kinase activity while avoiding indiscriminate phosphorylation.(192) This protein
family consists of 60 isoforms(193) and is defined by a 14- to 18- residue helix that interacts
with protein kinase A (PKA);(194) however, AKAPSs have been shown to bind to other
enzymes such as protein kinase C (PKC).(195, 196) Within the resistance arteries, AKAPs
regulate both vasodilation and vasoconstriction pathways. Murine AKAP150, also known as
bovine AKAP5 or human AKAP75,(197) binds and localizes PKC to MEJs within the
resistance artery wall; thus demonstrating abluminal localization.(128) This allows PKC-
dependent activation of TRPV4 channels and promotes EDH-mediated vasodilation.(128)
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AKAP1 is expressed on the cytoplasmic face of mitochondria in endothelial cells rather than
the MEJ,(198) and resistance arteries from global knockout mice exhibit reduced
vasodilation to acetylcholine.(198) These studies demonstrate how AKAPs can regulate
vasodilation pathways. While outside the scope of this review, it should be noted that
AKAPs also form microsignaling complexes in vascular smooth muscle cells and regulate
vasoconstriction.(199-201) Lastly, these anchoring proteins also localize to the
interendothelial junction (Table 1) to modulate endothelial barrier function.(202, 203) Upon
disrupting PKA’s interaction with AKAP12 or AKAP220, endothelial barrier function is
reduced.(202) Further, when Akapl2 is depleted from zebrafish embryos, interendothelial
junction integrity is reduced resulting in hemorrhage.(203) For an extensive review on
AKAPs in the cardiovascular system, please see the following reference.(201)

Integrins on the abluminal face—Integrins are membrane-associated glycoproteins
composed of a- and B-subunits and they are most well studied in the context of
angiogenesis, development and wound healing when their expression is upregulated.(136,
204, 205) This section of the review will focus on their function in healthy adult arteries
wherein they regulate interendothelial adhesion and mechanotransduction.(135, 206)
Integrins are capable of binding extracellular matrix components found in the IEL,(135, 136)
suggesting localization to the abluminal face of the endothelial cells;(207) however, explicit
localization studies of integrins in healthy adult endothelium are limited. While most
integrin subunits are thought to be evenly distributed through the arterial and venous
endothelium, integrin subunit p4 is expressed predominately in arterioles.(208) Primary
human corneal endothelial cells have been shown to express 12 of the 18 a.-subtypes
(ITGAL ITGAZ, ITGA3, ITGA4, ITGAS, ITGAG, ITGA7, ITGA10, ITGA11, ITGAE,
ITGAV, ITGAL) and six of the eight B-subtypes (/7GB1, ITGB3, ITGB4, ITGB5, ITGB7,
ITGBLI1).(209, 210) While integrin heterodimer protein expression and distribution in
endothelial cells is not well understood /n7 vivo, many studies have focused on the
contributions of individual heterodimers. Integrins a2f1 and a1p1 facilitate endothelial
binding to collagen 1V, a major extracellular matrix protein in the IEL.(211) Fibrinogen and
fibronectin have similarly been shown to bind avp3 and a5p1, respectively.(207, 211)
These suggest a localization of these heterodimers to the abluminal face of the endothelium
(shown in Fig. 1); however, integrins a2pB1 and a5p1 have been described to preferentially
localize to interendothelial junctions rather than the abluminal membrane.(211)

Focal adhesion complexes, where integrins convert mechanical stimuli to molecular
pathways through outside-in signaling paradigms,(212) are also restricted to the abluminal
cell-matrix interface. Focal adhesion kinase (FAK), a nonreceptor tyrosine kinase, is
recruited to focal adhesions in ECs under flow conditions and facilitates integrin signaling
cascades.(213, 214) The upregulation of fibronectin in the arterial extracellular matrix,
which largely occurs during angiogenesis(137) and atherosclerosis,(215) is known to drive
the formation of focal adhesion plaques that are enriched with integrins avp3 and a5p1.
(216) Heparan sulfate proteoglycans also localize to the abluminal membrane (Table 1) and
are implicated in focal adhesion formation.(217) While it is known that this interaction is
necessary for mechanosensation(218) and directional migration,(219) the individual
contribution of each integrin heterodimer had not been understood. Recent work using
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peptidomimetics designed to specifically and individually antagonize each heterodimer
demonstrated that binding of extracellular substrates and subsequent activation of integrin
a5p1 lead to rapid recruitment of avp3 at focal adhesions.(216) Substrate-induced focal
adhesion formation and the resulting cell spreading each require the recruitment, but not
activation, of integrin avp3.(216) This interaction demonstrates how the dynamic
localization of endothelial integrins at the abluminal membrane can dictate cellular function.

Abluminal/luminal polarity of the endothelial secretome

Endothelial protein polarization goes beyond just cell surface expression; it also applies to
protein and molecular secretion patterns. The endothelium comprises one of the largest
secretory organs(220) and accordingly, it regulates the release of proteins and molecules to
its luminal or abluminal face over its thickness of just 200nm (shown in Figure 2).(2, 221)
Protein secretion has been studied in the context of varying environmental stimuli, including
shear stress,(222, 223) proangiogenic stimuli(224, 225) or proinflammatory(224, 225)
stimuli; however, the explicit emphasis on its polarization is more recent.(221) Most
secreted factors (90%) from endothelial cells are released to the luminal surface,(221) and
are often carried via extracellular vesicles.(221) These include such as TNF-a.(221),
IL-6(221), IGF-1(221), soluble ACE2(226), and ATP.(106, 107, 109) Extracellular matrix
proteins comprise the majority of proteins secreted abluminally, but also included are
endothelin-1, platelet derived growth factor-g, cell adhesion molecules, and calcium binding
proteins.(221, 227) Surprisingly, extracellular matrix proteins can also be secreted luminally,
although these likely represent regulators and turnover.(221) Other proteins and enzymes
that are secreted in the abluminal direction include gelatinases,(147) tissue inhibitor of
metalloproteinases,(147) and platelet derived growth factor.(221, 227) These secreted factors
released abluminally may reach the smooth muscle or stay within the IEL, and the
permeability of the IEL may in part their final destination.(228) A number of other factors
are described to be secreted in both directions, exhibiting intentional activity in each
direction, including Von Willebrand factor,(221, 223, 229) heparan sulfate,(230) and
endothelin-1. (221, 231-233) Despite canonical differences in arterial and venous
endothelium, the secretome polarization is largely comparable between the arterial and
venous endothelial cell cultures.(221) Any secretome differences across vessel type are
likely related to individual vessel function, although studies focusing on differential
secretion are limited.(221, 223, 234)

In summary, the endothelial luminal face is primed to interact with cells in the blood through
secretions or direct interactions and is exposed to hemodynamic forces; while the abluminal
face is largely in contact with the IEL, though endothelial cells can come into direct contact
with SMC at MEJs in arterioles. Both the luminal and abluminal faces of the endothelium
have been specialized by and for the microenvironment they exist in and facilitate directed
signaling and function.

A summary of our discussion on endothelial abluminal protein polarization is in Figure 2.
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Holding us all together: Interendothelial Junctions

Interendothelial junctions connect adjacent endothelial cells and broadly consist of adherens
junctions, tight junctions, and gap junctions.(235, 236) The planar polarity of protein
localization to interendothelial junctions allows the endothelium to be an active and selective
manager in maintaining circulatory volume and directing stimuli-induced permeability.
Thus, the proteins localized to interendothelial junctions are an example of the functional
importance of protein polarization in endothelium.

Tight junctions are composed of claudins, occludins, and junctional adhesion molecules
(JAMS), (shown in Figure 3) and they are highly organized in arteries compared to veins
(e.g., Figure 4).(237),(238) Tight junctions tend to form more towards the luminal surface
compared to the adherens junctions, which tend to seal endothelial borders toward the
abluminal face.(236) More apical localization allows tight junctions to tightly regulate
paracellular transport, and an enrichment of these junctions in cerebral arteries in part
explains the strong blood brain barrier.(239) In small arterioles, tight junctions are
continuous and highly organized, while small venules have discontinuous tight junctions,
consisting of short segments that can be arranged either perpendicularly or parallel to the
interendothelial junction, leading to gaps between ECs.(237) This description of venule tight
junctions is similar to the organization of adherens junctions described in human umbilical
venous endothelial cells under static culture conditions.(240) Lastly, in capillaries, these
junctions are also loosely organized, and often times the capillary endothelium is
fenestrated, where endothelial cells are not continuously connected via interendothelial
junctions.(237, 238) The differential organization of tight junctions across vessel type
reflects their respective roles in fluid and solute transport; however, it should be noted that
several other factors contribute to vessel permeability including glycocalyx composition and
inflammatory cytokines.(241)

Adherens junctions also localize to the endothelial cell-cell junctions and can actually direct
the organization of tight junctions.(236),(242) The main protein in adherens junctions is
cadherin, specifically vascular endothelial (VE)-cadherin in endothelial cells, which is
ultimately connected to the actin cytoskeleton through scaffolding proteins such as a-
catenin, a-actinin, p-catenin, p120, and plakoglobin (shown in Figure 3).(243-246) While
N-cadherin expression is similar to VE-cadherin in endothelial cells, it does not demonstrate
polarization to the interendothelial junction.(247, 248) There are no reported differences in
the general assembly of adherens junctions between vessel types; however, an important
arteriovenous difference is the phosphorylation state of VE-cadherin.(249) /n vivo, arterial
endothelial cells do not have phosphorylated VE-cadherin, whereas capillary and venous
endothelial cells have constitutively phosphorylated VVE-cadherin, making their ECs more
susceptible to bradykinin-induced permeability.(249) This phosphorylation is regulated by
low shear stress which reflects the physiological levels reported for veins.(32, 249, 250)
Furthermore, vascular endothelial cell-specific phosphotyrosine phosphatase (VE-PTP) is
more enriched within arterial endothelial cells(251, 252) and binds to VVE-cadherin.(253)
However, to our knowledge, there are no studies that directly demonstrate polarization of
VE-PTP to the interendothelial junction with immunohistochemical or electron microscopy
experiments. The polarization of VE-cadherin and the associated scaffolding proteins to the

J Vasc Res. Author manuscript; available in PMC 2022 January 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wolpe et al.

Page 13

interendothelial junction allows the endothelium to dynamically respond to stimuli, such as
vascular endothelial growth factor (VEGF).(254, 255)

In addition to tight and adherens junctions, gap junctions demonstrate polarized expression
where they have been described to alternate with tight junctions.(237, 256) Gap junctions are
formed when two connexons (hexamers of connexin proteins) come together to join the
cytoplasm of two neighboring cells. Endothelial connexins that localize to the
interendothelial junction include Cx37,(159, 257) Cx40,(168, 258-261) and Cx43.(262) In
resistance arteries, Cx43, Cx40, and Cx37 demonstrate localization to the interendothelial
junction and MEJs (Table 1).(159, 167, 263) However, connexins are differentially
expressed across the vasculature and can vary across species.(257, 264-267) In hamster
arterioles, Cx43 is present at the interendothelial junction,(262) while Cx43 is generally not
detectable in aortic murine endothelium, except for areas of disturbed flow.(257, 266, 267)
In mice, Cx40 is specific for endothelial cells in arteries and not present in smooth muscle
cells, (168, 258-260) and regulates vasodilation.(259, 260, 268) At the ultrastructural level,
gap junctions have not been detected in small venules;(237) however, valves in small
venules demonstrate specific interendothelial expression of Cx37 and Cx43 via
immunohistochemistry.(269) These connexins are also differentially expressed throughout
the venous vasculature.(269) While outside the scope of this review, it is worth noting that
venular valves are an interesting vascular hallmark that exhibits specialized protein
localization.(269) The intentional spatial localization of gap junctions within resistance
arteries (Table 1) allows for controlled and directed communication within the vascular wall,
which is another example of how protein polarization is imperative in maintaining
homeostasis. For an extensive review on vascular connexins, we suggest the following
reference.(270)

Numerous other proteins also exhibit polarized expression along endothelial cell-cell
contacts outside of the well-established tight, adherens, and gap junctions. A great example
is platelet endothelial adhesion molecule 1 (PECAM-1, also known as CD31), which
localizes to these interendothelial junctions, independent of tight or adherens junctions, and
is required for leukocyte transmigration.(271, 272) Similarly, CD99 is also localized to the
lateral edges of the endothelial cells and facilitates monocyte transmigration.(273) S-endo-1-
associated antigen, or CD146, is expressed at interendothelial junctions and regulates
paracellular permeability; however, it is also expressed on the apical membrane of cultured
endothelial cells (Table 1).(274) In addition to their abluminal polarization, integrins,
specifically a2p1 and a5B1 heterodimers, are highly expressed at the interendothelial
junction (Table 1) and regulate endothelial barrier function.(211, 275) Lastly, Akap9 may
localize with integrins at the interendothelial junctions to mediate vascular permeability.
(276)

Figure 3 summarizes our discussion above.

Other realms of the endothelium

While the localization of many endothelial proteins can be characterized as luminal,
abluminal or interendothelial, others are dynamic or occur at multiple sites in the cell.
Caveolae create signaling microdomains through invaginations in the membrane which are
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integral for vasoactive signaling and normal lipid transport. These membrane invaginations
have been observed on both faces of the endothelium. Similarly, distinct endothelial calcium
signals can occur at ER-plasma membrane contacts and at the MEJ, with very different
physiological effects. Lastly, many proteins exhibit variable localization patterns which are
dictated by the rate and direction of blood flow.

Caveolae: the Microdomain-Maker

Lipid rafts help facilitate microdomain formation. A subset of lipid rafts is caveolae, which
are found in numerous cell types, including epithelial cells, adipocytes, fibroblasts, vascular
SMC, and endothelial cells.(277) In endothelial cells, caveolae are enriched within the MEJ,
(278) although they also demonstrate luminal localization (Table 1). These membrane
microvesicles are uniquely coated with one of the three members of the caveolin protein
family, caveolin-1, -2, or —3.(279) Numerous proteins have been shown to localize to
endothelial caveolae including several already discussed within this review: bradykinin
receptor B,,(280) muscarinic M3 receptor,(281) P2Y1,(114) and eNOS.(282)

Caveolae are required for normal transcytosis of lipoproteins into endothelial cells. In an
ApoE '~ background, global deletion of caveolin-1 reduced LDL infiltration of the aortic
wall, while EC-specific re-expression of caveolin-1 rescued LDL (283) In human
microvascular endothelial cells in culture, immunofluorescent staining has shown that
caveolin-1 colocalizes with ALK-1, which has also be implicated in LDL transcytosis.(284)
The class B, type | scavenger receptor, SR-BI, a well-described HDL receptor, has been
shown to cofractionate and preferentially colocalize with caveolin-1 in CHO cells,(285)
further suggesting that caveolae are integral to lipoprotein transport in many cell types,
though this observation has yet to be confirmed in endothelial cells.

Proteins that are enriched within the MEJ have been shown to interact with Cavl, such as
TRPV4 channels,(286, 287) IP3-Rs,(278) and Cx43.(278) Further, Cavl may localize
AKAP150 to the MEJ.(128) The localization of Cavl to MEJ may have important functional
consequences as Cavl depletion demonstrates impaired vasodilation.(278, 286, 287) Cavl
negatively regulates eNOS at the MEJ, thereby facilitating two functionally distinct pools of
eNOS within the endothelium.(56) Its association with eNOS physically prevents the
binding of calmodulin, thereby preventing eNOS activation and nitric oxide production.
(282) This interaction may contribute to the dominance of EDH in small arteries, and is
discussed more in the following section.(278)

Spot the Spark: Mapping calcium signaling microdomains

As a second messenger with a role in many signaling cascades, the response triggered by a
calcium event is determined in part by its subcellular localization. Endothelial calcium
events occur in spatially-restricted microdomains, such as caveolae on the plasma membrane
and the MEJ. Intracellular calcium signaling is of particular importance due to its role
regulating endothelial generation of vasoactive factors either through the production of
soluble factors (NO, COX) or through membrane hyperpolarization. This section will focus
on the localization of different calcium signaling microdomains, however we recommend the
recent review by Ottolini et al(288) for discussion of calcium dynamics in the vasculature.
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IP3R-mediated release of stored calcium—Sites of stored calcium release must also
be precisely regulated in the endothelium. Inositol 1,4,5-trisphosphate receptors (IP3R) are a
family of ER calcium channels which in mammals consists of three subtypes (IP3R1, IP3R2,
IP3R3); all of which are expressed in the endothelium.(289-291) IP3R is a tetrameric
calcium channel with six transmembrane domains that facilitates stored-calcium release
from the ER into the cytosol in response to I1P3 synthesis. While IP3R1 has been
demonstrated to localize to the ER within MEJ projections /n vivo,(132, 133, 292) it exhibits
diffuse staining throughout the ER of endothelial cells in culture.(132) However, IP3R2 and
IP3R3 are localized in regions of the ER outside of the MEJ.(133, 290) The importance of
endothelial IP3R subtypes in systemic blood pressure regulation has been studied /n vivo
with conflicting results. Deletion of IP3R1 under the Tie2-cre, which is expressed in all
endothelial cells and hematopoietic cells throughout development, was initially described to
reduced acetylcholine-induced vasodilation and increase basal blood pressure.(293) Deletion
of the same subtype under an inducible, endothelial cell-specific Cre recombinase (platelet
derived growth factor receptor B (PDGFR) exhibited normal vascular reactivity and
systemic blood pressure. However, when all three subtypes were genetically deleted in
endothelial cells, the mice exhibited reduced plasma NO, vasodilation in response to
acetylcholine, and eNOS phosphorylation which all contributed to systemic hypertension.
(291) Interestingly, attempts to reproduce the previously reported findings of IP3R1 deletion
under the Tie2:Cre(293) were unsuccessful.(291) Taken together, this suggests functional
redundancy between the isoforms of IP3R despite their localization differences.

IP3R-mediated calcium events in the endothelium contribute to the generation of myogenic
tone. Calcium influx can be triggered by low intraluminal pressure via TRPV4 in the MEJ.
This promotes the activation of IP3R, which in turn activates IKc,. (294) Thus, at low
intraluminal pressure, hyperpolarization of the EC and SMC membrane reduces myogenic
tone, likely acting to stabilize local blood flow in the tissue.

Endothelial barrier function is regulated in part by IP3R clustering within the ER membrane.
Clustering amplifies IP;R-mediated Ca2* events as Ca2* released following activation of one
channel promotes activation of other IP3Rs within close proximity.(295) In human lung
microvascular endothelial cells, IP3R clustering via microtubule interactions is required for
a-thrombin-induced adhesion disassembly.(296)

SK3, TRPV4 and Caveolae—Caveolae microdomains on the plasma membrane are
integral for vasodilation via endothelial-derived hyperpolarization (EDH). EDH involves
potassium efflux through calcium-sensitive small and intermediate conductance potassium
channels (SK¢, and 1K, respectively). Recent work suggests that TRPV4 channels
facilitate local calcium influx required to stimulate SK¢,/IK¢, activity.(128, 278, 286, 287,
294, 297) TRPV4 is largely localized to the cell periphery,(297) though its expression has
also been noted in the MEJ.(128, 294) SK3 exhibits a homogenous distribution on luminal
and abluminal membranes.(297) However, both TRPV4 and SK3 are enriched on caveolae,
which illustrates a role for caveolae in constructing the microdomain.(278, 286, 287, 297)
Here, Cavl acts as a scaffolding protein, generating 50-100nm membrane invaginations that
localize calcium signaling events. In fact, EDH is diminished in endothelium of global Cavl
knockouts but can be rescued by reexpression of Cavl only in endothelial cells,(298)
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indicating that TRPV4 is unable to activate SK3 activity without a means to restrict their
localization on the membrane. Interestingly, the peripheral localization of TRPV4, which
does not colocalize with SK3, appears to be dependent on SK3 expression, as TRPV4
distribution at the periphery is lost in mesenteric arteries collected from endothelial-specific
SK3~/~ mice.(297) The sum of the data suggests an important role for caveolae
microdomains in the recruitment of TRPV4 and SK channels to facilitate efficient
stimulation of SK activity and EDH.

Go with the flow: Shear stress regulates planar cell polarity in endothelial cells

Planar cell polarity describes the collective alignment of cell polarity along one axis of a
tissue. Early works contended whether endothelial cells exhibited planar cell polarity.(30,
250) The work was confounded by observed differences between arteriolar and venous
vascular beds, concluding that endothelial cells polarize due to their position in relation to
the heart. Today, we understand that shear stress, the frictional force generated by blood
flow, orients endothelial planar cell polarity. Due to the morphology of vascular tissue, the
planar cell polarity of the endothelium can also be referenced as axial polarity, in which the
longitudinal axis of the vessel can be further segmented into upstream and downstream
regions.

The vascular endothelium exhibits a high degree of phenotypic plasticity that is determined
in part by shear stress acting as a biomechanical cue. The different types and rates of flow in
various vascular beds determines how shear stress regulates endothelial morphology. Large
conduit arteries must contend with the volume of blood rapidly ejected from each ventricular
contraction of the heart. Thus, the endothelium of conduit arteries is exposed to pulsatile
flow patterns at a relatively high speed (~10 dynes/cm?). The elasticity of the vessel wall of
conduit arteries helps to convert pulsatile flow in large arteries to continuous laminar flow in
smaller resistance arteries. Arterioles and capillaries experience the highest degree of shear
stress, at ~50 and 40 dynes/cm?, respectively. This decreases dramatically at the venules
(~15 dynes/cm?), with the lowest values of shear stress occurring in the vena cava (~1
dynes/cm?).(299, 300)

This differential shear stress alters the morphology of endothelial cells and can orchestrate
planar polarity. Arterial endothelial cells are narrow and elongated in the direction of flow,
whereas venous endothelial cells are generally shorter and wider (e.g., with claudin-5 shown
in Figure 4). In arteries, the endothelial microtubule organizing center (MTOC) is localized
downstream of the nucleus.(30, 31) Large veins exhibit MTOC localization upstream of the
nucleus.(30, 31) Similar polarization patterns have been reported in localization of the
perinuclear golgi apparatus, which is localized upstream of bovine endothelial cells grown
under laminar shear stress in culture.(301) Polarization of the golgi upstream of nuclei has
also been observed in live zebrafish embryos using a fluorescent reporter for in endothelial
cells, Tg(flila:BAGALT1-mCherry). The golgi was localized upstream of endothelial nuclei
in the dorsal aorta and branching arteries.(302) In contrast, in the posterior cardinal vein,
where shear stress is much lower, endothelial cells do not exhibit golgi polarization.(302)

Upon the initiation of shear stress conditions /n vitro, the endothelium undergoes rapid
morphological changes as the cells elongate and orient in the direction of flow. Cytoskeletal
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alterations include MTOC reorganization as well as the formation of actin stress fibers that
also align with flow.(31, 303-305) In addition, cell-cell junctional complexes undergo partial
disassembly and reorganization. VE-cadherin, a.-catenin, and p-catenin form adherens
plaques at the end of actin stress fibers that become stabilized by plakoglobin recruitment
over the next 48 hours.(305) The reorganization of the cytoskeleton and adherens junctions
likely stabilize cell-cell contact and endothelial barrier integrity. Integrins on the abluminal
membrane also become activated following exposure to shear stress,(306, 307) which is
thought to promote MTOC reorganization.

Mechanosensors of blood flow—Shear forces must be transduced into downstream
signaling cascades via endothelial mechanosensors. Understanding and identifying such
mechanosensors can help us better understand how planar polarity is regulated. These
mechanosensors of shear stress would need to be localized on the luminal membrane such
that they receive direct input from the vessel’s lumen. While the identity of the predominate
endothelial mechanosensor is not precisely understood, many proteins and organelles have
been proposed for the role, including mechanically-gated channels, (308, 309)
mechanosensitive receptors, (272, 310) GPCRs,(311-313) mechanosensitive enzymes,(314)
primary cilia, (315, 316) the glycocalyx,(317) and the nucleus itself.(318) It is possible that a
master regulator of endothelial mechanosensation does not exist and each of the proposed
sensors act in concert to confer the morphological and regulatory changes occurring
downstream of flow. Thorough reviews of proposed mechanosensors are available for further
reading, (319, 320) however this review will highlight mechanosensation via the cation
channel Piezol; the complex composed of PECAM1, VEGFR2/3, and VE-cadherin; and the
contributions of the transcription factor yes-associated protein (YAP).

Piezo proteins are mechanically-activated cation channels. Expression of Piezol is sufficient
to enable HEK293T cells, which are normally unresponsive to shear stress, to exhibit shear
stress-induced calcium influx.(308) Piezol is expressed in endothelial cells as early as
embryonic age 9.5 (E9.5).(321) Endothelial Piezol expression is vital as deficiency of
Piezol is embryonically lethal in both global(308, 321) and endothelial-cell-specific(308)
knockouts due to growth retardation and defects in vascular development. This illustrates the
essential role of endothelial mechanosensing during vascular development and further
demonstrates the importance of Piezol activity at this early stage in development.
Furthermore, loss of Piezol expression was found to reduce shear-evoked calcium influx in
endothelial cells isolated from knockout mice(308) as well as cultured cells undergoing
RNAI.(322) Piezol expression is also required for the morphological changes that
endothelial cells undergo in response to shear stress.(308, 321) At the tissue level, this
causes endothelial cells in haploinsufficient arteries to fail to align in the direction of flow.
(308) While canonically studied for its role in development, the use of an inducible,
endothelial-cell specific Piezol knockout mouse enabled investigations into the role of
Piezol in adult endothelial tissue. Flow-induced vasodilation was impaired in mesenteric
resistance arteries from mice deficient in endothelial Piezol, indicating a mechanosensory
role in vessel function.(322) While the signaling mechanism downstream of shear-induced
Piezol activation has yet to be elucidated, the GPCR Ga11, and the purinergic receptor
P2Y5, and the ATP-release channel Panx1 have all been implicated in regulating flow-
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mediated dilation.(322) Lastly, the localization of Piezol on endothelial cells, while
assumed to be present on the luminal surface, still needs to be explicitly studied via
immunohistochemistry or electron microscopy experiments.

Endothelial mechanosensors are present within interendothelial junctions. PECAM-1,
VEGFR2/3 and VE-cadherin form a mechanosensory complex at interendothelial junctions
which is necessary and sufficient for shear-induced integrin activation.(272) PECAM-1 has
also been shown to directly transmit mechanical force. Mechanical force transduction
experiments using magnetic beads coated in antibody against PECAM-1 were used to
demonstrate that PECAM-1 sustains piconewtons of force under shear stress(323) and to
show that direct force applied to PECAM-1 is sufficient to activate many shear-induced
signaling pathways.(272, 324) In fact, tyrosine phosphorylation of PECAM-1 by Fyn
tyrosine kinase is the first cellular response to the onset of shear stress on endothelial cells.
(325) Despite its essential role in endothelial mechanosensing, PECAM-1-null mice are
healthy and fertile,(326) though not without an impaired shear-induced vasodilatory
response.(327) The mild phenotype associated with the PECAM-1 knockout suggests that
redundant mechanisms may exist. While previously thought to act simply as an adapter
protein in the complex, VE-cadherin has recently been shown to have mechanosensitive
properties.(328) Although, it is not yet understood whether mechanosensing through VE-
cadherin occurs /in vivo. Interestingly, VE-cadherin expression is required for
mechanosensation by PECAM-1.(272) Furthermore, the transmembrane domain of VE-
cadherin facilitates ligand-independent activation of VEGFR2/3.(310) Activation of
VEGFR?2/3 initiates the activation of multiple shear-activated signaling pathways including
AKT Kkinase,(272, 310) PI3K,(272) eNOS(272) and integrins,(272, 306) though there is no
evidence that VEGFR2 acts as a primary mechanosensor.(329)

The transcriptional co-activator YAP has also been implicated in endothelial
mechanosensation. Its canonical role in the Hippo pathway has been well described. Briefly,
activated Yap translocates from the cytoplasm into the nucleus where it can interact with
TEA domains family of proteins to regulate transcription until it becomes phosphorylated
and exported from the nucleus. However, recent work supports a mechanosensing role for
YAP in the endothelium. Firstly, YAP-deficient mice exhibit vascular defects in the yolk sac,
similar to those observed in the Piezol knockout mice.(330) In addition, mechanical
perturbations can control the nuclear shuttling of YAP though interactions with F-actin,(331)
suggesting that the mechanosensory role that YAP confers is to alter transcription in
response to shear stress. Transgenic zebrafish have been used to observe dynamic YAP
localization in endothelium, which demonstrated that /n7 vivo shear stress promotes nuclear
localization of YAP.(332) Further research is required to determine how mechanical stimuli
facilitate the activation of endothelial YAP. The YAP-mediated transcriptomic alterations
may promote the maintenance of polarized morphology.

Planar cell polarity adds another dimension to the intricate spatial distribution of the
endothelium. The circulation provides a dynamic directional stimulus which is sensed by
mechanosensors and transduced to second messengers, phosphorylation cascades, and gene
expression differences. Altogether, planar cell polarity facilitates precise spatial regulation in
the endothelium. Much of the literature on endothelial mechanosensation and planar cell
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polarity has focused on large arteries due to the impact of laminar versus disturbed flow in
the progression of atherosclerosis. As such, there is an unfortunate dearth of evidence for
mechanosensation in the endothelium of small resistance arteries. However, GPR68, a class
A rhodopsin-like GPCR, was recently identified in an SiRNA screen as a direct
mechanosensor and was shown to be expressed exclusively in the endothelium of small
diameter arteries in the mesentery, pancreas, liver and bladder. Furthermore, flow-mediated
dilation was diminished in the GPR68 knockout mice and murine primary microvascular
endothelial cells were unable to generate calcium transients in response to laminar flow
following treatment with siRNA.(333) This work may stimulate further investigation into
mechanosensation and planar cell polarity in the endothelium of small arteries.

Conclusion

Despite their squamous nature, endothelial cells still demonstrate protein localization and
polarity that is crucial for their various physiological functions. As reviewed here,
endothelial cells express anticoagulants, receptors, and enzymes among the glycocalyx on
their luminal surface to respond to circulating factors. In general, these luminally polarized
proteins are found in both arteries and veins and expression differences are not well studied.
In contrast, the abluminal protein localization in resistance arterioles is absent from the
venous endothelium. Along this surface are myoendothelial junctions, which are endothelial
extensions that make heterocellular contact with smooth muscle cells and exhibit specific
protein localization. Ultimately, the proteins at the MEJ function to regulate the vasodilatory
signals and tightly control total peripheral resistance. Within the MEJ are even smaller
microdomain pockets, termed caveolae, which also house factors crucial to vasodilatory
pathways. Although caveolae are not unique to endothelial cells, they are enriched within the
MEJ in the arteriolar endothelium. Luminal and abluminal polarization go beyond surface
expression and is also characteristic of endothelial secretions. Endothelial planar polarity
includes interendothelial junctions, where tight and adherens junctions create a selective
barrier to the underlying layers of the arterial wall. Gap junctions present at endothelial cell-
endothelial cell borders allow the endothelium to function as a coordinated monolayer.
Mechanosensory complexes are also polarized along this axis. Their distribution is patterned
along the direction of blood flow to communicate cellular signals downstream of shear
stress. Overall, endothelial polarity in both the luminal-abluminal and planar axes is critical
for arteriolar endothelial cells that are constantly responding to their extracellular
environment. Future studies should examine the trafficking of luminal and abluminal
proteins in the endothelium, which are likely differentially regulated and may offer novel
therapeutic targets for hypertension, diabetes and hyperlipidemia.
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Figure 1. Luminal protein localization in endothelium.
The luminal membrane of the endothelium is in direct contact with the circulation. The

glycocalyx, ectonucleases, immune signaling proteins and luminally-secreted proteins
localize to the luminal membrane. Transverse view of resistance artery is depicted in the
upper left for reference.
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Figure 2. Abluminal protein localization in endothelium.
The luminal membrane of the endothelium is in direct contact with the extracellular matrix

and sporadically the smooth muscle (but not larger arteries). Transverse view of resistance
artery is depicted in the upper left for reference.
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Figure 3. Interendothelial junction protein localization in endothelium.
The apposition of endothelium is a key area of protein localization
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3rd orer mesenteric vein

Figure 4. Polarization of endothelium in response to different flow environments.
Claudin-5 (green, Thermofisher 34-1600) is used to demonstrate differences in polarization

of interendothelial proteins to lateral edges of the cells in a murine third order mesenteric
artery with high flow (A) compared with a murine third order mesenteric vein with low flow
(B). The images also highlight endothelial morphological differences in arteries versus
veins: arterial endothelial cells are elongated in the direction of flow while venous
endothelial cells are more rectangular in shape and resemble cultured cells. For each image,
arrow indicates direction of flow, scale bar is 10um, and nuclei are shown in blue, with
endothelial nuclei oriented vertically and SMC nuclei oriented horizontally. Images were
obtained with a Zeiss 880 LSM Airyscan module (40x oil objective) and are shown as Z-
projections.
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Table 1.
Summary of protein localization within endothelial signaling domains.

Page 43

This table summarizes protein localization to one or multiple endothelial signaling compartments that have
been described in the text. Although this review focuses on localization within the resistance artery
endothelium, there are a limited number of studies that use this model system and for this reason, localization
data from other model systems are included (1) to provide a more complete summary of the body of literature
on endothelial protein localization, and (2) to highlight the need for more studies in small arteries. Since
endothelial cells have unique physiological roles based on vessel type, it is crucial that localization studies be
performed in the arteriole endothelium to determine if there are differences compared to large arteries or even

veins.
Full Name Source: Tissue Source: Cell Luminal Abluminal Interendothelial
Culture
A kinase anchoring AKAP 150 Mouse mesenteric (128)
protein 150 artery(128)
A kinase anchoring AKAP 12 HDMEC(202) (202)
protein 12
A kinase anchoring AKAP 9 HUVEC(276) (276)
protein 9
Alkaline phosphatase ALP Rat BCEC(334) (334) (334)
Angiotensin converting | ACE Canine vasculature(60) (60-63)
enzyme Rabbit vasculature(61)
Aorta & pulmonary
arteries (bovine, pig &
rabbit)(62)
Human carotid
artery(63)
Bradykinin B2 Rat aorta(50) (50)
Receptor
Calnexin Caln Third order mesenteric (186)
artery(186)
Calreticulin Calr Third order mesenteric HCAEC(56) (56, 130)
artery(130)
Caveolin 1 Cavl Mouse carotid(335) HCAEC(56) (286, 287, | (278)
Mouse mesenteric HMVEC(286) 335)
artery(278) BCAEC(287)
Claudin-5 Cldn5 Mouse mesenteric artery | Endothelial cells (242)
derived from
murine
ESC(242)
Connexin37 Cx37 Rat mesenteric (159, 167) (159, 262, 278)
artery(159)
Mouse mesenteric
artery(278)
Mouse cremaster
arterioles(167)
Hamster cheek pouch
arteriole(262, 263)
Connexin40 Cx40 Rat mesenteric (167, 169) (159, 262, 263,

artery(159, 169)
Mouse mesenteric
artery(278)

Mouse cremaster
arteriole(167)
Hamster cheek pouch
arteriole(262, 263)

278)
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Full Name Source: Tissue Source: Cell Luminal Abluminal Interendothelial
Culture
Connexin43 Cx43 Rat mesenteric (167) (159, 262, 263,
artery(159) 278)
Mouse mesenteric
artery(278)
Mouse cremaster
arteriole(167)
Hamster cheek pouch
arteriole(262, 263)
E-Selectin CD62 Primary (@)
HBMEC(4)
Endothelial nitric oxide | eNOS Mouse carotid(336) Primary (56, 336) (56),(337)
synthase Mouse thoracodorsal HCAEC(56)
artery(337)
Endothelin B Receptor ETB Primary (338) (338)
HAOEC(338)
Filamentous actin F-actin Mouse cremaster HUVEC(274) (167, 189, (274)
arterioles(167) VCCC(189, 190) 190)
Hemoglobin alpha Alpha Mouse thoracodorsal HCAEC(125) (124) (124, 125)
globin artery(124)
Heparan sulfate HSPG Bovine aorta(217) Porcine (340, (138, 217,
proteoglycan AOEC(339) 341) 339)
HAOEC(340)
Primary
BAOEC(341)
HUVEC-pericyte
tube co-assembly
model(138)
Inositol trisphosphate IP3R1 Mouse mesenteric VCCC(132, 133) (132, 133,
receptor 1 artery(186) 186)
Integrin a1pl HUVEC(211) (211)
Integrin a2p1 HUVEC(206, (278) (206, 278)
278)
Integrin a5p1 HUVEC(206, (216) (206, 278)
216, 278)
Integrin avp3 HUVEC (207, (207, 211,
211, 216) 216)
Intermediate IKca Rat cremaster (159, 294)
conductance arteriole(294)
calcium-activated Rat mesenteric
potassium channel artery(159)
Muscarinic M3 mAChR Human cerebral (38)
Receptor artery(38)
N-Cadherin NCAD Mouse cremaster (167)
arterioles(167)
Occludin Ocln Rat diaphragm (237, 238)
arteriole(237)
Rat aorta, mesenteric
artery, renal vein, vena
cava(238)
Plasminogen activator PAI-1 VCCC(189-191) (189-191)
inhibitor 1
Platelet endothelial PECAM-1 Mouse aorta(272) HUVEC(271, (271-274)
adhesion molecule 1 or CD31 273, 274)
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Full Name Source: Tissue Source: Cell Luminal Abluminal Interendothelial
Culture
Plakoglobin y-catenin Primary porcine (245, 305)
Ao0EC(305)
HDMEC(245)
Purinergic Receptor P2Y1 Rat sinus (114)
P2Y1 endothelium(114)
Purinergic Receptor P2Y6 Rat sinus (114)
P2Y6 endothelium(114)
Sarco/endoplasmic SERCA Mouse thoracodorsal (185)
reticulum Ca2+-ATPase artery(185)
S-endo-1-associated CD146 HUVEC(274) (274)
antigen
Single chain CD99 HUVEC(273) (273)
glycoprotein 1
Small conductance SK3 Rat cremaster (297) (297) (159)
calcium-activated arteriole(297)
potassium channel 3 Rat mesenteric
artery(159)
Sodium-coupled neutral | Snat3 Mouse abdominal (342) (342)
amino acid transporter aorta(342)
3
Sphingosine-1- S1P Rat brain capillary (343) (343)
phosphate receptor endothelium(343)
Thrombomodulin ™ HUVEC(118, (118, (344)
344) 344)
Transient receptor TRPC1 Human mesenteric HPAEC(346) (345) (346)
potential channel artery(345)
subfamily C member 1
Transient receptor TRPC4 HMVEC(347) (347) (347)
potential channel
subfamily C member 4
Transient receptor TRPV4 Mouse 3rd order (348) (131, 294)
potential channel mesenteric artery(131)
subfamily VV member 4 Mouse carotid
artery(348)
Rat cremaster
arteriole(294)
Vascular endothelial VE- Mouse carotid HUVEC(249, (249, 273, 274)
cadherin Cadherin artery(249) 273, 274)

Mouse diaphragm
capillaries(249)
Mouse bladder
capillaries(249)

Abbreviations: Bovine aortic endothelial cells (BAoEC), Bovine coronary artery endothelial cells (BCAEC), Brain capillary endothelial cells
(BCEC), Embryonic stem cells (ESC), Human aortic endothelial cells (HA0EC), Human brain microvascular endothelial cells (HBMEC), Human
coronary artery endothelial cells (HCAEC), Human dermal microvascular endothelial cells (HDMEC), Human microvascular endothelial cells
(HMVEC), Human pulmonary artery endothelial cells (HPAEC), Human umbilical vein endothelial cells (HUVEC), Vascular cell coculture

(vcee)
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