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1.1 Abstract  

The contractile state of resistance arteries and arterioles is a crucial determinant of blood 

pressure and blood flow. Physiological regulation of arterial contractility requires constant 

communication between endothelial and smooth muscle cells. Various Ca2+ signals and Ca2+-

sensitive targets ensure dynamic control of intercellular communications in the vascular wall. The 

functional effect of a Ca2+ signal on arterial contractility depends on the type of Ca2+-sensitive 

target engaged by that signal. Recent studies using advanced imaging methods have identified 

the spatiotemporal signatures of individual Ca2+ signals that control arterial and arteriolar 

contractility.  Broadly speaking, intracellular Ca2+ is increased by ion channels and transporters 

on the plasma membrane and endoplasmic reticular membrane. Physiological roles for many 

vascular Ca2+ signals have already been confirmed, while further investigation is needed for 

other Ca2+ signals. This review focuses on endothelial Ca2+ signaling mechanisms in resistance 

arteries and arterioles. We discuss the Ca2+ entry pathways at the plasma membrane, Ca2+ 

release signals from the intracellular stores, the functional and physiological relevance of Ca2+ 

signals, and their regulatory mechanisms. Finally, we describe the contribution of abnormal 

endothelial Ca2+ signals to the pathogenesis of vascular disorders. 

1.2 Introduction  

Vascular resistance is a crucial determinant of blood pressure and blood flow to target 

organs. The contractile state of small arteries and arterioles determines vascular resistance. 

Smooth muscle cells (SMCs) and endothelial cells (ECs) are the two main cell-types involved in 

the dynamic regulation of vascular contractility. Both SMCs and ECs recruit various Ca2+ 

signaling mechanisms to regulate vascular contractility (Figure 1) (291). The canonical view is 

that endothelial and smooth muscle cell Ca2+ has opposite effects on vascular diameter. While 

increases in endothelial Ca2+ cause vasodilation, increases in SMC Ca2+ have mostly been linked 

to vasoconstriction, except for Ca2+ sparks, which can cause vasodilation. Moreover, intracellular 
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Ca2+ plays a central role in EC-SMC communication, which is pivotal for physiological regulation 

of vascular contractility. 

Cytosolic Ca2+ levels can increase via the influx of extracellular Ca2+ or release of Ca2+ 

from intracellular stores, including endoplasmic (ER) or sarcoplasmic (SR) reticulum and 

lysosomes.  The majority of Ca2+ signals in the arteriolar walls occur in a spatially restricted 

manner, with the diffusion of Ca2+ limited by numerous Ca2+ binding proteins and high viscosity of 

the cytosol. The spatially restricted nature of Ca2+ signals confers the specificity of 

targets/functional effects and limits toxicity to the cell. Moreover, signaling microdomains that 

localize Ca2+ signals with their signaling targets ensure specific activation of the targets. Such 

signaling microdomains also provide efficient Ca2+ signal-target coupling, whereby smaller 

increases in Ca2+ can activate a small number of nearby target molecules to achieve 

physiological effects. EC projections to SMCs, or myoendothelial projections (MEPs), are prime 

examples of signaling microdomains enabled by specialized microstructures. The majority of 

endothelial Ca2+ signals occur at MEPs, and Ca2+-sensitive targets also localize to MEPs. The 

Ca2+ signal-target proximity at MEPs facilitates efficient and precise communication between 

ECs and SMCs.  Similarly, signaling nanodomains involving localization of proteins inside the 

caveolae have been shown in ECs and SMCs. In this review, we discuss the Ca2+ signal-target 

linkages in arteries and arterioles, regulatory mechanisms, and abnormalities in Ca2+ signaling 

that contribute to the pathogenesis of vascular disorders. 
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1.3 Methodologies for recording Ca2+ signals  

Ca2+ signals within the cells have unique spatiotemporal properties that translate into 

numerous cellular functions (20). Therefore, the diversity of Ca2+ signals cannot be captured with 

one technique. However, over the last two decades, the use of sensitive fluorescent Ca2+ 

indicators and fast, high-resolution imaging techniques (confocal, total internal reflection 

fluorescence or TIRF, and multi-photon imaging) have enabled effective spatiotemporal 

resolution of individual Ca2+ signals. Fluorescent indicators are synthesized as membrane-

permeable acetoxymethyl (AM) esters. Cytosolic esterases release the anionic cell impermeable 

form, which remains in the cytosol (394). Fluorescent Ca2+ indicators can be classified into 

ratiometric (dual-wavelength) and non-ratiometric (single wavelength) indicators. Ratiometric 

indicators show a shift in their excitation (Fura-2) or emission (Indo-1) spectrum upon Ca2+ 

binding. A classic example of ratiometric indicators is Fura-2, which presents two excitation 

wavelengths (Ca2+-free form/ Ca2+-bound form = 380 nm/340 nm). Elevation in cytosolic Ca2+ 

levels increases Fura-2 fluorescence at 340 nm (Ca2+-bound form) and decreases the 

fluorescence at 380 nm (Ca2+-free form). Therefore, the ratio of the emission intensity at 340 nm 

to that at 380 nm is proportional to cytosolic Ca2+ concentration. Ratiometric dyes have mostly 

been used for quantification of whole-cell changes in Ca2+ concentration. Non-ratiometric 

indicators (fluo- indicators), on the contrary, do not show a shift in excitation/emission 

wavelengths upon Ca2+ binding. Instead, the fluorescence intensity increases upon Ca2+ binding 

(128). Usually, fluorescence values of non-ratiometric indicators are presented as a ratio 

between the fluorescent value during the occurrence of a Ca2+ signal (F) and that at the baseline 

(F0, no Ca2+ activity) (251). The use of ratiometric indicators is not associated with loading and 

photobleaching issues that are commonly experienced with non-ratiometric indicators. The 

drawbacks of ratiometric indicators are- 1) they are not suitable for capturing fast, spatially 

restricted Ca2+ signals; 2) they require excitation with ultraviolet light, which is harmful to 

biological samples; and 3) they cannot be used for studies of individual fast Ca2+ signals.  
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Moreover, ultraviolet light is not effectively transmitted through most high numerical aperture 

objectives. Therefore, non-ratiometric indicators are the “gold standard” for studying fast, 

spatially restricted Ca2+ signals (sparks, sparklets, etc.). The main drawbacks of these indicators 

are uneven sample loading, photobleaching, and leakage issues. Photobleaching occurs when 

the indicator, in the excited form, undergoes oxidation by interacting with molecular oxygen. 

Therefore, lowering the laser intensity can prevent photobleaching (382). Non-ratiometric 

indicators can compartmentalize to specific intracellular organelles. Blocking of anionic-organic 

cellular transporters has been used as a strategy to reduce this phenomenon (72). Moreover, 

determining the optimum duration for dye-loading can lower the risk of uneven loading or 

overloading of the sample.  

The selection criteria for Ca2+ indicators should include the concentration range of Ca2+ 

signals being recorded. In an ideal scenario, the mid-point of Ca2+ concentration range is close to 

the dissociation constant (Kd) of the indicator. Indicators with high Kd (low Ca2+ affinity) are 

suitable for detecting large increases in Ca2+. In contrast, indicators with low Kd (high Ca2+ 

affinity) are better suited for detecting lower levels of Ca2+ and become saturated at high Ca2+ 

concentrations. Indeed, some localization studies of Ca2+ entry events have used a combination 

of low- and high-affinity Ca2+ indicators. A combination of Fluo-5 (Kd=2.3 M) and an excess of 

non-fluorescent EGTA (Kd=150 nM) was used to study the initiation sites of LTCC sparklets 

(269). The Ca2+-binding rate (Kon=Koff/Kd) of Fluo-5 is 100-times faster than that of EGTA. 

Therefore, Fluo-5 can detect the more recent Ca2+ ions that have entered into the cell before 

ceding them to EGTA. The combination of Fluo-5 and EGTA allowed the identification of Ca2+ 

entry sites, which are expected to be within 50 and a few hundred nanometers from the 

fluorescence signal (91, 246, 269, 446). The combination of Fluo-4 (Kd=335 nM) and EGTA was 

used by Sonkusare and colleagues to decipher Ca2+-dependent potentiation of endothelial 
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TRPV4 channels in a cluster. EGTA chelates intracellular Ca2+ and was found to disrupt Ca2+-

dependent channel to channel communication (355).   

Genetically encoded Ca2+ indicators (GECI) have proved immensely helpful for studying 

Ca2+ signals in biological systems. GECI are encoded by engineered DNA sequences that can be 

incorporated into the cell genome. Indeed, combining GECI with cell-specific promoters results in 

cell-specific expression of the Ca2+ biosensor proteins, which constitutes an enormous advantage 

over the use of fluorescent indicators. Ca2+ indicators can show undesirable 

compartmentalization to intracellular organelles and get pumped out from the cell by ATPases at 

the cell membrane. GECI are devoid of these disadvantages. The most popular GECI is GCaMP. 

Briefly, GCaMP protein is formed by a circularly permutated version of GFP (cpGFP) fused with 

CaM and CaM-interacting MLCK M13 peptide. Ca2+ biding with CaM causes a conformational 

change in cpGFP and results in a substantial increase in fluorescence. Point mutations on the 

GCaMP amino acid sequence have yielded different GCaMP generations with improved dynamic 

range, kinetic properties, and Ca2+ sensitivity. In the vascular field, mice expressing GCaMP 

under the connexin40 (Cx40) promoter or acta2  promoter have been engineered to study Ca2+ 

events restricted to endothelium (199, 354, 378) or SMCs (345), respectively. 

1.4 Endothelial cell Ca2+ signals in small arteries and arterioles 

 The endothelium is a single cell layer of cells that lines the inner walls of all the blood 

vessels. ECs are constantly exposed to the mediators in the blood and mechanical forces 

exerted by the bloodstream. Endothelial function in arteries and arterioles is also modulated by 

stimuli from SMCs (112, 147, 268, 392). In this section, we will focus on the physiological Ca2+ 

signaling mechanisms that alter EC function. ECs in resistance-sized arteries send out 

projections, across the internal elastic lamina, to the SMC layer. The sites of contact between 

ECs and SMCs are enriched with connexin proteins (Cx37, Cx40, and Cx43) that form 

myoendothelial gap junctions (MEGJs) (131, 160, 322). MEGJ are characterized by two 
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hemichannels, one each on the EC and SMC membranes. Each hemichannel is a hexamer 

composed of six connexins (22). MEGJs allow the passage of second messengers and electrical 

signals (75, 87, 147, 239), and serve as a crucial communication site for ECs and SMCs. ECs 

can influence the contractile state of the adjacent SMCs via endothelium-derived 

hyperpolarization (EDH) or by releasing substances that activate vasodilatory signaling in SMCs 

in a paracrine manner. The preferential activation of one pathway over another may be 

determined by the vascular bed under consideration (286) and the size of the artery (342, 396). 

Recent studies show that neighboring ECs are heterogeneous with respect to Ca2+ signaling 

mechanisms (201). Indeed, McCarron and colleagues demonstrated that neighboring ECs are 

organized into Ca2+ signaling clusters, and communication amongst these clusters is essential 

for normal vascular function (201). Here, we elaborate on the Ca2+ signaling pathways that 

initiate EC to SMC, SMC to EC, and EC to EC communications in the vascular wall, and the 

target proteins that transduce the Ca2+ signals into a physiological response.  

1.4.1 Ca2+ influx from extracellular compartment 

TRPA1 channel 

In the past decade, TRPA1 channels have emerged as a crucial Ca2+ influx pathway in 

ECs from specialized vascular beds. TRPA1 channels show a unitary conductance of ~ 96 pS at 

-60 mV (266), and a higher permeability to Ca2+ than Na+ (PCa2+/PNa+= 7.9) (169). TRPA1 

channels are activated by several pungent natural compounds in food such as allicin (garlic) 

(234), allyl isothiocyanate (mustard), and cinnamon (cinnamaldehyde) (161). TRPA1 channels 

are gated by extracellular Ca2+ in a voltage-dependent manner. In patch clamp studies, TRPA1 

channels displayed slow activation at a holding potential of -80 mV and in the absence of 

extracellular Ca2+. However, in the presence of extracellular Ca2+ and EGTA-buffered 

intracellular Ca2+, holding potential of -80 mV caused fast channel activation followed by fast 
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inactivation. Notably, fast channel inactivation did not occur at a more depolarized membrane 

potential (-20 mV) (266). 

Earley and colleagues provided the first evidence for vasodilatory effects of endothelial 

TRPA1 channel activation in cerebral arteries. TRPA1 channels co-localized with intermediate-

conductance Ca2+-activated K+ (IK) channels at MEPs (Figure 2). Ca2+ influx through TRPA1 

channels activated nearby IK channels, resulting in EC membrane hyperpolarization and 

vasodilation. Moreover, the vasodilatory effect of TRPA1-IK channels was boosted by inward-

rectifier potassium (Kir) channels on SMC membranes (82). In a subsequent study, TRPA1 

channels were shown to promote IP3R Ca2+ release from the ER. Furthermore, endothelial 

TRPA1 channel activation inhibited the formation of Ca2+ waves in SMCs, providing additional 

evidence supporting the inhibitory effect of endothelial TRPA1 channels on SMC contraction 

(306).  

ROS and products formed by lipid peroxidation, including 4-hydroxynonenal (4-HNE), are 

the main endogenous modulators of endothelial TRPA1 channel activity (81, 393). ROS 

generating enzyme NADPH oxidase 2 (NOX2) was present in nanometer proximity with TRPA1 

channel in cerebral arteries. NOX2-generated ROS induced membrane lipid peroxidation and 4-

HNE formation, thereby increasing TRPA1 channel activity and causing vasodilation. This effect 

was blunted in the arteries from endothelium-specific TRPA1-/- mice (368). Studies by Pires and 

colleagues suggested that endothelial TRPA1 channels are neuroprotective under hypoxic 

conditions. Under hypoxic conditions, mitochondrial ROS production enhanced TRPA1 channel-

mediated dilation of cerebral arteries. In support of this concept, endothelium-specific TRPA1-/- 

mice showed larger cerebral damage following stroke-induced hypoxia (301). Overall, the current 

evidence suggests a central role for endothelial TRPA1 channels in mediating Ca2+ influx in the 

cerebral vasculature.  
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TRPV4 channel 

         High unitary conductance and permeability for Ca2+ are characteristic properties of TRPV 

channels. TRPV channels show a range of selectivity for Ca2+, although most TRPV channels 

are more selective for Ca2+ over Na+. The unitary conductances of TRPV4 channels are 50-60 

pS at -60 mV, and 90-100 pS at +60 mV (365, 414, 415). TRPV4 channels display higher 

permeability for Ca2+ over Na+ (PCa2+/PNa+ = 6–10) (68, 404), and can be activated by 

temperature, mechanical stimuli, and neurohumoral mediators. TRPV4 is one of the most studied 

Ca2+ influx pathways in the intact endothelium. Until recently, the physiological roles of 

endothelial TRPV4 channels was not known (reviewed in (51)). Systemic administration of a 

potent and selective TRPV4 channel agonist evoked a dose-dependent drop in blood pressure in 

dogs, rats, and mice (422). Moreover, acetylcholine-induced decrease in blood pressure was 

attenuated in global TRPV4-/- mice (448). However, global TRPV4-/- mice showed unaltered 

resting blood pressure (147, 448), possibly due to a compensatory upregulation of other ion 

channels or the absence of TRPV4 channels from multiple cell types in these mice. Ottolini and 

colleagues, in a recent study, demonstrated the importance of endothelial TRPV4 channels and 

its regulation by AKAP150 in lowering the resting blood pressure. In this study, tamoxifen-

inducible, endothelium-specific TRPV4-/- or AKAP150-/- mice showed higher resting blood 

pressures, confirming the pivotal role of endothelial AKAP150-TRPV4 signaling in blood pressure 

regulation (288).  

Multimodal physiological stimuli can activate endothelial TRPV4 channels. Early studies 

supported a mechanosensory role of endothelial TRPV4 channels, although recent evidence 

suggests that TRPV4 channels are not direct mechanosensors (274). An alternative explanation 

for mechanoactivation of TRPV4 channels is that the channels can be activated by mechanical 

stimuli via signaling pathways involving the activation of cytochrome P450 epoxygenases and 

EET production (85, 220). Kohler and colleagues demonstrated that sheer stress-induced 
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vasodilation in rat gracilis arteries is reduced by ruthenium red (RuR), a non-selective TRPV4 

channel blocker (185). Flow-induced, TRPV4 channel-mediated vasodilation was also reported in 

carotid arteries (139) and mesenteric arteries (245) (Figure 5). Inhibiting AA metabolism 

eliminated sheer stress-induced vasodilation, suggesting that AA metabolites are necessary for 

mechanotransduction by TRPV4 channels. In cremaster arteries, sheer stress increased the 

functional coupling of M3 muscarinic receptors with endothelial TRPV4 channels for vasodilation 

(64). Bagher and colleagues showed that low intravascular pressure (5-50 mmHg) enhances the 

activity of endothelial TRPV4 channels, further supporting the activation of endothelial TRPV4 

channels by mechanical stimuli (14). Studies by Saliez et al. in EC culture demonstrated that 

TRPV4 channels co-immunoprecipitate with caveolin-1 (318). Moreover, endothelial Ca2+ influx 

was impaired in the absence of caveolin-1. Although a direct interaction between caveolin-1 and 

TRPV4 channel appears likely, the functional evidence on caveolin-1 regulation of TRPV4 

channel activity is lacking. Studies using EC-specific caveolin-1 knockout mice will be crucial for 

unraveling the functional and physiological significance of caveolin-1-TRPV4 channel interaction 

in the endothelium.   

Multiple endogenous modulators of endothelial TRPV4 channels have been identified. 

TRPV4 channel activity is heavily influenced by GqPCR-PLC signaling in both arterial and 

capillary endothelium (136, 354, 355). PLC-DAG-activated PKC can phosphorylate TRPV4 

channels and potentiate their activity (93). Moreover, PLC-mediated decrease in PIP2, a 

negative modulator of TRPV4 channels, increases TRPV4 channel activity (136, 376). 

Furthermore, IP3 was shown to bind to TRPV4 channels and increase their activity (147, 376). 

As described with SMC TRPV4 channels, Ca2+ itself has a biphasic effect on TRPV4 channel 

activity. In ECs, Ca2+ influx through TRPV4 channels potentiated the activity of the neighboring 

TRPV4 channels in a cluster, resulting in cooperative channel openings (354, 355). On the 

contrary, NO impaired the cooperative openings of TRPV4 channels via activation of endothelial 
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GC-PKG pathway (238, 442) and reduced channel activity.  Hong and colleagues described the 

presence of a myoendothelial feedback mechanism whereby 1AR stimulation-induced 

vasoconstriction was limited by endothelial TRPV4 channels (Figure 3). PE activated SMC 

1ARs and increased the levels of IP3, which diffused across the MEGJs to ECs and activated 

TRPV4 channels at MEPs (147). H2S, a gasotransmitter molecule produced by ECs, was shown 

to activate endothelial TRPV4 channels in a study by Naik and colleagues. H2S-activation of 

TRPV4 channels increased endothelial BK channel currents (267). The authors also showed that 

H2S induces sulfhydration of endothelial TRPV4 channels. Further studies to identify the precise 

site of action for H2S on the TRPV4 channel are awaited.  

The detrimental effects of excessive TRPV4 channel activity in pulmonary endothelium 

are well-known (7, 371, 384, 442), although the physiological roles of pulmonary endothelial 

TRPV4 channels have not been resolved. Marziano et al. showed that ATP activates endothelial 

TRPV4 channels via P2 purinergic receptor signaling in resistance pulmonary arteries (238). 

However, global TRPV4-/- mice showed unaltered mean pulmonary arterial pressure (PAP) (432). 

In this regard, TRPV4 channels are also expressed in SMCs from pulmonary arteries (237), 

where they promote vasoconstriction (352). Therefore, lack of a PAP phenotype in TRPV4-/- mice 

could be due to the activation of compensatory mechanisms in SMCs and ECs. Future studies in 

EC-specific TRPV4-/- (288) and SMC-specific TRPV4-/- are warranted to separate the 

contributions of endothelial and SMC TRPV4 channels to the regulation of pulmonary arterial 

pressure.  

Unitary Ca2+ influx signals through TRPV4 channels, called TRPV4 Ca2+ sparklets, have 

been recorded in the intact endothelium from resistance arteries and in endothelial cell culture 

(354, 367). Notably, TRPV4 sparklets are not randomly distributed throughout the EC 

membrane. Instead, the majority of TRPV4 sparklet activity was observed at MEPs (Figure 2) 

(147, 354, 355). It was later proposed that MEP-localized AKAP150 anchors PKC in the vicinity 
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of TRPV4 channels and facilitates the coupling among TRPV4 channels (355). IK and SK 

channels also localize to MEPs (14, 199, 322), explaining the preferential activation of IK/SK 

channels by TRPV4 sparklets in systemic resistance arteries (286). Contrary to the systemic 

arteries, TRPV4 sparklets selectively activated eNOS to dilate resistance pulmonary arteries 

(238). Very recently, Ottolini et al. provided evidence that spatial coupling determines the TRPV4 

sparklets-target linkage in different vascular beds (Figure 4). In this study, the authors showed 

that TRPV4 channels co-localize with IK/SK channels at MEPs in resistance mesenteric arteries. 

MEPs in this vascular bed are also enriched with hemoglobin  (Hb) (364), a protein that limits 

NO release and diffusion (364). TRPV4 channels also localize at MEPs in resistance pulmonary 

arteries. However, Hb is absent from MEPs in resistance pulmonary arteries. Additionally, 

IK/SK channels do not localize at MEPs in this vascular bed. These differences in spatial 

coupling favor TRPV4-IK/SK channel signaling in resistance mesenteric arteries and TRPV4-

eNOS signaling in resistance pulmonary arteries (286). 

TRPV3 channel 

Consistent with other ion channels of TRPV subfamily, TRPV3 channels show high 

unitary conductance (~170 pS at + 60 mV) and Ca2+ permeability (PCa2+/PNa+= 12). An increase in 

temperature from 25 C° to 37 C° increases the outward currents through TRPV3 channels nearly 

4-fold (434). TRPV3 channels are also activated by dietary monoterpenes, including carvacrol, 

thymol, vanillin, and ethyl-vanillin (433). Earley and colleagues provided the first evidence for the 

functional expression of TRPV3 channels in ECs from cerebral arteries (Figure 2). Endothelial 

TRPV3 channel activation by carvacrol dilated cerebral arteries through IK/SK channels (83). In 

a more recent study, Pires et al. recorded unitary Ca2+ influx events through TRPV3 channels 

(TRPV3 sparklets) in ECs from cerebral parenchymal arterioles. The authors reported that 

TRPV3 sparklets show higher single-channel amplitudes when compared to TRPA1 sparklets 

(302), results that are consistent with a higher unitary conductance of TRPV3 channels. 
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Endothelium-specific knockout for TRPV3 channels has not been generated; therefore, the 

physiological roles of endothelial TRPV3 channels remain unclear.  

TRPV1 channel 

TRPV1 channel has a unitary conductance of 35-70 pS and higher permeability for 

divalent over monovalent cations (PCa2+/PNa+ = 10) (44, 319). TRPV1 channel agonist, capsaicin, 

constricted canine denervated mesenteric arteries, supporting a contractile role of TRPV1 

channels (304). The expression and function of TRPV1 channels in endothelial cells are 

controversial. Several studies have relied upon TRPV1 channel antibodies to assess its 

endothelial expression, although the specificity of these antibodies has not been verified using 

knockout tissue (389). In two recent studies on transgenic TRPV1-LacZ and TRPV1-

Cre:tdTomato mice, TRPV1 channels were expressed in the SMC layer but not in the endothelial 

layer (45). Nevertheless, some studies have proposed an important role for TRPV1 channels in 

endothelium-dependent vasodilation. Yang and colleagues suggested that TRPV1 channel 

agonist capsaicin activated eNOS and dilated mesenteric arteries, effects that were absent in the 

arteries from TRPV1-/- mice (437). TRPV1-eNOS signaling in the vasculature has also been 

proposed by other studies (31, 388). It should be noted that capsaicin can activate TRPV1 

channels in sensory nerves to release calcitonin gene-related peptide (CGRP) and substance P 

(SP) (236), which could affect the endothelium. Therefore, a definitive assessment of the role of 

endothelial TRPV1 channels in vasodilation awaits the development of endothelium-specific 

TRPV1-/- mice. 

TRPC channel 

Multiple studies have reported significant roles for endothelial TRPC channels as Ca2+ 

influx pathways in resistance arteries. TRPC1 channels formed heteromeric complexes with 

TRPV4 channels in freshly dissociated endothelial cells from rabbit mesenteric arteries.  
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Furthermore, TRPC1-TRPV4 complex activated eNOS and caused vasodilation (125). Ma and 

colleagues indicated that the TRPC1-TRPV4 channel complex plays a crucial role in sheer 

stress-induced increase in endothelial Ca2+ and vasodilation (229). In a study by Senadheera 

and colleagues, TRPC3 channels were found to be localized with IK/SK channels at MEPs of rat 

mesenteric arteries (Figure 2). Moreover, TRPC3-IK/SK channel signaling mediated 

acetylcholine-induced dilation in these arteries (335). Co-localization of TRPC3 channels with 

SK/IK channels at MEPs was also observed in rat popliteal arteries (335). Additionally, rat 

mesenteric arteries treated with TRPC3 antisense oligonucleotides showed impaired relaxation 

to bradykinin (214), further supporting a role for TRPC3 channels in endothelium-dependent 

vasodilation. In a recent study, ATP-induced endothelial cell hyperpolarization was shown to 

have two components: an early hyperpolarization through IK channels; and a sustained 

hyperpolarization through TRPC3-SK channel signaling, revealing a central role for TRPC3 

channels in ATP-induced endothelial hyperpolarization (183). 

TRPM2 channel 

The unitary conductances of TRPM2 channel are 58 pS and 76 pS at negative and 

positive voltages, respectively. TRPM2 channel is equally permeable to divalent and monovalent 

cations (324). The activity of TRPM2 channels was shown to be increased by hydrogen peroxide 

(H2O2), an important redox signaling molecule with a vasodilatory activity (188, 223). A recent 

study in cremaster arteries showed that H2O2-induced vasodilation is impaired by an antibody 

against TRPM2 channels, and by inhibiting SK/IK channels (53). Therefore, endothelial TRPM2-

SK/IK signaling may underlie H2O2-dependent vasodilation, although further studies are required 

to confirm the role of TRPM2 channels in controlling endothelial function. 
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TRPP1 channel 

TRPP1 channel is encoded by PKD2, a gene mutated in patients with autosomal-

dominant polycystic kidney disease (253). The outward unitary conductances of TRPP1 channel 

for Ca2+, Na+ and K+ are  90 pS, 99 pS, and 117 pS, and inward conductances are 4 pS, 89 pS, 

and 144 pS, respectively. TRPP1 channels conduct ionic currents with permeability ratios of PK+: 

PNa+:PCa2+ of 1:0.4:0.025 (218). In a recent study, MacKay and colleagues demonstrated the 

importance of endothelial TRPP1 channel in mediating flow-induced dilation of mesenteric 

arteries (Figure 5). Pressurized mesenteric arteries from endothelium specific TRPP1 -/- mice 

showed impaired dilation to shear stress. Moreover, endothelium-specific TRPP1-/- mice had 

higher diastolic and systolic blood pressures. Thus, endothelial TRPP1 channels appear to be a 

key element in endothelial cell mechanosensing and vasodilation (230).  

Purinergic P2X receptor ion channels (P2XR) 

Evidence in the literature supports a functional role for P2X1, P2X3, and P2X4 purinergic 

receptors in endothelial cells. P2X1 receptor was found to be expressed on the endothelium of 

mesenteric arteries from rats (138) and mice (137) (Figure 5). Endogenous purinergic receptor 

agonist ATP induced a dilation of mesenteric arteries; an effect that was blunted by inhibition of 

SK/IK channels (138). Importantly, ATP failed to dilate mesenteric arteries from P2X1-/- mice, 

supporting the idea that ATP activates P2X1 receptors in this vascular bed (137). 

Immunohistochemistry analysis by Glass and colleagues showed that P2X3 receptor is 

expressed in the endothelium from thymus arteries (116). Moreover, Yamamoto et al. found that 

ATP- and flow-induced vasodilation is markedly reduced in cremaster and mesenteric arteries 

from P2X4-/- mice. Furthermore, P2X4-/- mice had a hypertensive phenotype accompanied by a 

reduction in nitrite and nitrate production. These results led the authors to postulate that impaired 

eNOS activity and NO production may be partially responsible for increasing blood pressure in 

the P2X4 -/- mice (436).  
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PIEZO1 channel 

PIEZO channels in vascular cells have been a topic of intense research in recent times. PIEZO 

proteins are mechanosensitive, non-selective cation channels that show a slight preference for 

Ca2+ over monovalent cations. Two PIEZO channel isoforms have been identified: PIEZO1 and 

PIEZO2 (59). Mammalian PIEZO1 channel shows a unitary conductance of ~30 pS, about ten 

times higher than the Drosophila PIEZO1 channel (60). Mammalian PIEZO1 channel is a large 

protein composed of 2547 amino acids. Cryo-EM at 4.8 Å resolution revealed a trimeric three-

bladed propeller-like structure of ~900 kDa for PIEZO1 channel. Each subunit has 14 

transmembrane -helices. The channel pore is formed by two helices, outer (OH) and inner (IH) 

helix, located close to the C- terminal intracellular tail. The remaining 12 peripheral 

transmembrane helices (PH) of each subunit contain the N-terminal tail, and function as 

mechanosensor units (113, 455). PIEZO1 channel is expressed at low levels in conduit arteries 

but is highly expressed in resistance arteries (78, 310). Endothelium-dependent vasodilation in 

response to blood flow/shear stress is well-established; however, the exact endothelial 

mechanosensor underlying this effect has remained elusive. PIEZO1 channel on endothelial cell 

membrane has recently emerged as the mechanosensor for flow/shear stress-induced changes 

in vascular resistance (Figure 5). Wang and colleagues showed that PIEZO1 channels mediate 

the dilation to flow/shear stress via eNOS activation in U46619 pre-constricted third- and fourth-

order mesenteric arteries (411). Mesenteric arteries from endothelial PIEZO1-/- mice (EC-

PIEZO1-/-) showed impaired flow-induced vasodilation.  Furthermore, PIEZO1 channel promoted 

extracellular ATP release via Pannexin1/2 channels in response to flow. ATP, in turn, activated 

eNOS via P2Y2 purinergic receptor signaling. Consistent with impaired vasodilation, EC-PIEZO1-

/- mice showed higher resting systolic blood pressures (411). On the contrary, Rode and 

colleagues reported that endothelial PIEZO1 channels cause flow-induced vasoconstriction of 

second-order mesenteric arteries during whole-body exercise. EC-PIEZO1-/- mice on a running 
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wheel showed lower systolic and diastolic blood pressures. Moreover, endothelial PIEZO1 

deletion did not affect the reactivity of larger arteries (saphenous and carotid arteries). The 

discrepancy in results between the two studies could be explained by blood pressure recordings 

during exercise versus resting conditions, and studies of vascular function using pressure 

myography versus wire myography. In a recent study, Lhomme and colleagues demonstrated 

the importance of endothelial PIEZO1 channels in triggering relaxation of pulmonary arteries via 

NO production. Furthermore, endothelial PIEZO1 channel-induced vasorelaxation was not 

impaired in a mouse model of pulmonary hypertension (204). Thus, regardless of the conflicting 

reports, strong evidence supports the functional significance of endothelial PIEZO1 channels. 

Na+/Ca2+ exchanger (NCX) 

A recent study demonstrated that NCX contributes to acetylcholine-induced dilation of 

mesenteric resistance arteries (209). Lillo et al. showed that during acetylcholine-activation of 

endothelial muscarinic receptor signaling, NCX works in reverse mode (NCXrm), enhancing Ca2+ 

entry in the endothelium and facilitating endothelium-dependent vasodilation. Moreover, NCX 

was concentrated within the caveolae, in nanometer proximity to eNOS (209). This result may 

suggest NCXrm-eNOS signaling during acetylcholine-induced vasodilation.  Most other studies 

have used cell culture systems or conduit arteries (115, 121, 329). Overall, the involvement of 

NXC in influencing endothelial Ca2+ signaling in resistance arteries and arterioles remains poorly 

understood. 

1.4.2 Ca2+ release from intracellular compartments 

Inositol trisphosphate receptors (IP3Rs) 

All three isoforms of IP3Rs (IP3R1-3) have been reported in endothelial cells. Ledoux and 

colleagues described spatially restricted IP3R Ca2+ release from the ER at MEPs. These events 

were termed “Ca2+ pulsars”. The kinetic properties of Ca2+ pulsars allow a clear distinction from 
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Ca2+ puffs and Ca2+ waves. When compared to Ca2+ sparks, Ca2+ pulsars showed slower rise 

times and longer durations. Consistent with the occurrence of Ca2+ pulsars at MEPs, IP3Rs were 

also shown to localize at MEPs. Ca2+ pulsars signaled through IK channels to induce endothelial 

cell hyperpolarization and vasodilation (Figure 2) (199). In a recent study, conditional endothelial 

IP3R1 deletion did not alter vascular dynamics. However, endothelium-specific triple IP3R-/- mice 

(ECTKO) resulted in higher resting blood pressures. Second-order mesenteric arteries from 

ECTKO mice also showed impaired acetylcholine-induced dilation (211).  

As described for SMCs, EC IP3R activity is also influenced by Ca2+ influx pathways. 

Heathcote and colleagues explained that Ca2+ influx through endothelial TRPV4 channels 

triggers IP3R opening. Ca2+ release via IP3Rs amplifies the initial increase in Ca2+ through 

TRPV4 channel activation, resulting in long and sustained Ca2+ waves that lower vascular 

contractility (141). The focal application of acetylcholine on cremasteric arteries resulted in the 

formation of Ca2+ waves that propagated for over 1 mm with a velocity of 116 m/s. Interestingly, 

the initial vasodilatory responses to acetylcholine preceded the propagation of Ca2+ waves. The 

authors described two temporally distinct vasodilatory phases- an early “electrically-conducted 

vasodilation” occurring through the transmission of hyperpolarizing signal and a later “Ca2+ wave-

dependent vasodilation”(15, 378). Communication through gap junctions was found to be pivotal 

for the propagation of Ca2+ waves between neighboring endothelial cells (88).   

IP3 and Ca2+ play crucial roles in the myoendothelial feedback mechanism that limits 

1AR-induced SMC contraction (Figure 3). Garland and colleagues recently demonstrated 

phenylephrine-induced increase in SMC Ca2+ and diffusion of SMC Ca2+ to MEPs via MEGJs, 

giving rise to the signals called VECTors (VDCC-dependent Endothelial cell Ca2+ Transients). 

VECTors activated endothelial IP3Rs and facilitated the formation of Ca2+ puffs and Ca2+ waves 

in the endothelium. In summary, the study by Garland and colleagues suggested that the 

diffusion of Ca2+ from SMCs to ECs across MEGJ can counteract 1AR -induced 
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vasoconstriction (112). In another study, endothelial TRPV4 sparklets were implicated as an 

essential element of the myoendothelial feedback mechanism. Phenylephrine-induced 

vasoconstriction was counterbalanced by the diffusion of IP3 from SMCs to ECs across MEGJs 

and subsequent activation of TRPV4 channels at MEPs. Interestingly, the authors observed that 

endothelial TRPV4 channel activity is influenced only by diffusion of IP3 and not Ca2+ from SMCs 

to ECs (147). Tran and colleagues provided further evidence for IP3 diffusion from SMCs to ECs 

during phenylephrine-induced vasoconstriction. 1AR signaling resulted in IP3R activation at 

MEPs and formation of distinct Ca2+ events termed “Ca2+ wavelets”. Ca2+ wavelets could be 

distinguished from Ca2+ puffs based on their longer duration and larger spatial spread. Ca2+ 

wavelets activated nearby IK/SK channels at MEPs to limit 1AR-induced vasoconstriction (392). 

Similarly, Nausch et al. suggested that sympathetic nerve stimulation activates IP3R Ca2+ 

pulsars at MEPs and limits sympathetic vasoconstriction (268).  Finally, the Ca2+-binding 

chaperon protein calreticulin (Calr) was also shown to play an important role in myoendothelial 

feedback mechanism. Calr was highly localized at MEPs in mesenteric arteries. 1AR-induced 

increase in endothelial Ca2+ signals at MEPs was absent in the arteries from endothelial Calr-/- 

mice, which resulted in higher 1AR-induced vasoconstriction. Moreover, endothelial Calr-/- mice 

showed higher blood pressure, further supporting the role of endothelial Calr in blood pressure 

regulation (24).  

Ca2+-ATPase (SERCA)  

SERCA is encoded by three different genes, SERCA1-3 (297), and different splice 

variants of these genes have been documented.  In SMCs, the predominant isoform is 

SERCA2b, followed by SERCA2a and SERCA3 (425). SERCA is a P-type ATPase that was 

discovered by Nobel laureate Jens Skou in the year 1957. A common feature of P-type pumps is 

to undergo two main conformational changes (E1 and E2), with the formation of a 

phosphorylated (P) aspartyl intermediate (E1-E2), which gives the family its name. E1 state has 
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a high affinity for Ca2+, and E2 state has a low affinity for Ca2+ (308). The transition from E1 to E2 

is ATP-dependent (Figure 6). In each cycle, SERCA uses one molecule of ATP to pump 2 Ca2+ 

into the SR in exchange for 2-3 H+ released into the cytosol (425).  

X-ray crystallography studies showed that SERCA comprises three cytoplasmic domains 

(A, N, and P) and a transmembrane domain. The transmembrane domain is characterized by ten 

transmembrane helices (TM1-10). TM4 and TM5 are longer and protrude from the SR 

membrane to the cytosol. Two putative Ca2+ binding sites have been identified on the 

transmembrane domains- site I between TM5 and TM6, and site II on TM4. The N (nucleotide) 

domain is essential for ATP binding, and ATP-dependent phosphorylation of domain P. Asp351 

found in domain P is highly conserved across species, and is pivotal for the formation of high 

energy phosphorylated- aspartyl intermediate. The A domain transduces the conformational 

change of domain P to TM domain (282, 391) (Figure 6). At low cytosolic Ca2+ concentrations, 

SERCA is inhibited by phospholamban. Phospholamban is a 52-amino acids membrane integral 

protein that binds to the low Ca2+ affinity E2 state and inhibits the activity of the pump. Inhibition 

is relieved either by an increase in cytosolic Ca2+ or by phosphorylation of phospholamban by 

PKA (419) or Ca2+-CaM-dependent protein kinase II (CaMKII) (231).  

Two isoforms of SERCA (SERCA2 and 3) were shown to be expressed in freshly 

dissociated endothelial cells from coronary arteries and aorta (174), with SERCA3 described as 

the predominant isoform (261). In an early study, Liu et al. generated SERCA3-/- mice and 

showed that endothelium-dependent vasodilation is impaired in these mice, although blood 

pressure was not affected (216). S100A1 is an intracellular Ca2+ binding protein known to 

regulate SERCA activity (259, 260). S100A1-/- mice showed reduced nitric oxide production, 

impaired endothelium-dependent vasodilation, and higher blood pressure (303), suggesting that 

SERCA may be an essential regulator of eNOS activity and blood pressure. Consistent with this 

postulate, adenovirus-mediated SERCA2 delivery into coronary arteries of Yorkshire-Landrace 
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swine increased eNOS activity. Similarly, an increase in eNOS activity was observed in cultured 

ECs from human coronary arteries infected with SERCA2-adenovirus (132). Li and colleagues 

demonstrated that epicardial and endocardial endothelial cells from mice treated with SERCA2-

adenovirus are protected against Ca2+ overload-induced necroptosis known to occur during 

cardiac ischemia/reperfusion injury (205). Interestingly, a recent study by Zhang et al. revealed a 

physical interaction between SERCA2 and PIEZO1 channel that results in suppression of 

PIEZO1 mechanosensation. The disruption of SERCA2-PIEZO1 interaction resulted in increased 

endothelial cell migration (453). It should be noted that the studies described above have been 

performed either in conduit arteries or in cell culture systems. Therefore, further investigation is 

needed to confirm the potential roles of different SERCA isoforms in regulating endothelial cell 

function in resistance arteries. In this regard, possible interactions between SERCA and other 

sources of Ca2+ in the endothelium will be particularly interesting. 

1.5 Signaling targets of Ca2+ in ECs 

 Intermediate and small conductance Ca2+ activated K+ channels (IK/SK) 

    IK and SK channels have mostly been described in endothelial cells. The unitary conductance 

of SK channels is ~10 pS, and that of IK channels is 20-30 pS. SK channel family is composed of 

four isoforms. SK1 (KCa2.1), SK2 (KCa2.2), and SK3 (KCa2.3) are encoded by KCNN1-3 genes, 

respectively. The fourth isoform, SK4 (IK or KCa3.1), shows higher conductance and is encoded 

by KCNN4 (3, 200). Functional SK/IK channel consists of four homologous subunits, each 

containing six transmembrane segments (S1-6). Segments 5 and 6 line the pore-forming unit of 

the channel. S1 and S6 are connected to intracellular N- and C-terminal domains, respectively. 

SK/IK channels share a similar structure to voltage-gated K+ channels (Kv), but do not exhibit 

voltage-dependence. This difference appears to be due to the diverse amino acid sequence of 

the S4 segment. Ca2+-dependent activation of SK/IK channels does not rely on Ca2+ binding 

directly onto the channel. Xia and colleagues demonstrated that Ca2+ sensitivity of the channel is 
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imparted by interaction with Ca2+-CaM (431). The C-terminal lobe (C-lobe) of CaM associates 

with the C-terminal tail of SK channels in a Ca2+-independent manner. The channel gate opens 

upon Ca2+ binding to the CaM N-lobe (332). Moreover, CaM binding to SK/IK channels is 

essential for channel assembly and trafficking to the plasma membrane (166). SK/IK channels 

show half-maximal activation response at similar Ca2+ concentrations (EC50= 300-500 nM). 

Moreover, SK/IK channels display a fast time constant for activation (5-15ms) (145, 431). This 

feature makes SK/IK channels an ideal target for coupling with distinct Ca2+ signals. Indeed, 

numerous studies have demonstrated that IK/SK channels are concentrated at MEPs in 

endothelial cells, where the majority of localized Ca2+ signals also occur (14, 286, 288, 354, 355). 

Spatial proximity between SK/IK channels and Ca2+ signals at MEPs ensures selective activation 

of SK/IK channels by Ca2+ signals. SK/IK channel activation, in turn, results in endothelial cell 

membrane hyperpolarization, which is transmitted to SMC via MEGJs, causing vasodilation. SK 

and IK channel currents have been recorded in freshly isolated endothelial cells from mesenteric 

(354), cerebral (134), and pulmonary resistance (286) arteries. Taylor and colleagues reported 

that SK3 channel deletion depolarizes endothelial cell membrane in mesenteric arteries and 

increases vasoconstriction and blood pressure (381). A subsequent study showed that inhibition 

of SK or IK channels depolarizes endothelial cells from mesenteric arteries by ~ 8 mV and 3 mV, 

respectively (198). These results suggest that SK/IK channels might be constitutively activated 

by spontaneously occurring Ca2+ signals in endothelial cells. 

Ca2+-CaM-dependent protein kinase II (CaMKII)  

Ser or Thr residues are the target sites of phosphorylation by Ca2+-CaM kinase family 

(CaMK); therefore, CaMKs are also known as Ser/Thr kinases. CaMKs share a conserved 

structure with three characteristic domains: catalytic, autoinhibitory, and CaM-binding domains. 

CaMK family is divided into two main groups- multifunctional CaMKs (CaMKI, CaMKII, and 

CaMKIV), which have multiple downstream intracellular targets; and substrate-specific CaMKIII, 
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which has only one downstream target (295). CaMKII has recently emerged as an essential 

vasoregulatory mechanism. CaMKII is expressed as one of the four isoforms (, , , and ), with 

a and isoforms occurring primarily in the brain and  and  isoforms expressed in blood vessels 

(387). CaMKII, unlike other CaMKs, does not exist in a monomeric state. Indeed, CaMKII has a 

peculiar association domain that allows the multimeric association of 6 to 12 monomers, which is 

partly responsible for the ability of CaMKII to respond to diverse intracellular Ca2+ oscillations 

(374). Activation of CaMKII occurs in multiple steps. The first step (Ca2+-CaM-dependent) 

involves Ca2+-CaM binding to CaMKII and disrupts the interaction between the autoinhibitory and 

catalytic domains. In the second step (Ca2+-CaM independent), the Ca2+-CaM activated subunit 

phosphorylates the catalytic subunit and activates it (61).  

The significance of CaMKII in orchestrating the functional responses to intracellular Ca2+ 

is unclear, mainly due to two reasons- 1) the majority of studies on CaMKII have been performed 

in cell culture systems and evidence from intact tissue is scarce (390); and 2) numerous studies 

have used KN-93, a non-specific CaMKII inhibitor (296). Therefore, caution must be used while 

interpreting the currently available literature on CaMKII. In a recent development, Murthy and 

colleagues investigated the role of CaMKII in vivo using a transgenic mouse model, where AC3-I 

(CaMKII inhibitory peptide) was conditionally expressed in the endothelium. AC3-I mice showed 

unaltered circulating NO levels and blood pressure compared to control mice. Furthermore, 

endothelium-dependent vasodilation of mesenteric arteries was also unchanged in AC3-I mice. 

However, in culture systems, AC3-I-dependent CaMKII inhibition prevented the increase in 

intracellular Ca2+ in response to bradykinin (264). Therefore, further evidence is needed for a 

definitive assessment of the functional roles of CaMKs in endothelial cells.   

Protein kinase C (PKC) 

 This large family of serine/threonine protein kinases has been divided into four 

functionally diverse subfamilies according to their enzymatic properties. PKC, PKC and PKC 
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belong to the conventional family (cPKC). This review will specifically focus on cPKCs as they 

are activated in a Ca2+-dependent manner (244). The remaining families are: novel PKCs 

(nPKCs) composed of the , η,  and θ isotypes; atypical PKCs (aPKCs) λ and ; and the PRKs 

family. The enzymatic activity of nPKCs and aPKCS is Ca2+- independent (314). PKC is activated 

by diacylglycerol (DAG) (377), phosphatidylserine (PS) (349), and by phorbol 12-myristate 13-

acetate (PMA) (43).    

The N-terminal regulatory (36 kDa) and C-terminal catalytic domains (42 kDa) of PKC are 

separated by a hinge region (178). The regulatory domain contains- 1) a cysteine-rich sequence 

that coordinates two Zn2+ ions (361) and is essential for DAG, PMA (284, 348, 361), and PS 

binding (175, 271); 2) a conserved autoinhibitory sequence (149) that maintains PKC in an 

inactive state in the cytosol (150); and 3) a Ca2+-binding domain (187).  Ca2+ binding is a pivotal 

step for PKC activation and its membrane association.  Binding of cytosolic PKC with two Ca2+ 

ions results in a weak association with the plasma membrane, whereas interaction of PKC with 

the third Ca2+ ion enables its strong association with the plasma membrane (187). The Ca2+-

bound form of PKC is also required for its interaction with PIP2 (320). The catalytic domain 

comprises ATP binding sequence and a region important for PKC-substrate interaction (275). 

PKC activators, including Ca2+, DAG, PS, and PMA, promote complete allosteric activation and 

translocation to the plasma membrane (312).  

 

Protein kinase C (PKC) in ECs 

PKC has been shown to promote EC proliferation by participating in the vascular 

endothelial growth factor (VEGF) signaling cascade (426). PKC is thought to be the main 

isoform associated with the mitogenic effects of VEGF (4, 430), although PKC has also been 

associated with VEGF-induced angiogenesis (420). Suzuma et al. demonstrated that PKCII 
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promotes retinal neovascularization in a mouse model of oxygen-induced retinal 

neovascularization (373). Indeed, retinal neovascularization was diminished in PKC-/- mice, 

whereas a more extensive network of neovascularization was observed in a mouse model 

overexpressing PKCII (PKCII Tg) (373). On the contrary, a separate study by Spyridopoulos 

and colleagues reported that specific PKCand PKCinhibition increases VEGF-induced 

angiogenesis. In this study, PKCand PKCinhibition also enhanced the VEGF-dependent 

increase in vascular permeability via NOS activation (358). The reasons for the conflicting results 

in the two studies (358, 373) remain unclear.  

Adapala et al. demonstrated that PKCis necessary for acetylcholine-induced Ca2+ entry 

via TRPV4 channels (2). Further studies by Sonkusare and colleagues demonstrated that PKC 

anchoring by AKAP150 is necessary for enhancing Ca2+ influx through TRPV4 channels at 

MEPs. In this regard, Fan et al. showed that PKC phosphorylates TRPV4 channels, an effect 

that is enhanced by the presence of AKAP150 (93). Along similar lines, Ottolini et al. 

demonstrated that acetylcholine- and PKC-activation of TRPV4 channels was absent in 

endothelium-specific TRPV4-/- mice (289). However, cell-specific knockout mice are needed to 

obtain an accurate understanding of the relative contributions of different PKC isoforms to 

vascular function.  

 

 

Myosin light-chain kinase (MLCK)  

MLCK is a Ca2+/CaM-dependent kinase that promotes actin-myosin cross-bridge 

formation and vasoconstriction (351) (Figure 1).  PKA-dependent phosphorylation on Ser512 

negatively modulates the Ca2+/CaM-sensitivity of MLCK (156, 224) and reduces its affinity for 

Ca2+/CaM (Ca2+ desensitization) (57). CaMKII also appears to be involved in MLCK 
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phosphorylation and Ca2+ desensitization (379, 380). Two different genes encode for MLCKs: 

smooth muscle MLCK (mylk1) (110) and skeletal muscle MLCK (mylk2) (144, 168). For this 

review, we will focus on SMC MLCK and will refer to it as MLCK. Two known isoforms of MLCK 

are: short MLCK (130–150 kDa), which is expressed in mature SMCs (25); and long MLCK 

(208–214 kDa), which is expressed mainly in embryonic SMCs (168) and mature ECs (400).  

Myosin light-chain kinase (MLCK) in ECs 

          The phosphorylation status of myosin light chain (MLC) is an essential regulator of EC 

permeability. MLCK enhances actomyosin contractility and weakens EC-EC adhesion by 

phosphorylating MLC (80, 385, 386). Thus, MLCK-dependent MLC phosphorylation regulates 

endothelial barrier function by maintaining a basal degree of permeability. Indeed, MLCK 

inhibition resulted in reduced vascular permeability (445). Huang et al. showed that MLCK 

inhibition lowers microvascular hyperpermeability in thermal injury (152). Genetic deletion of the 

long MLKC isoform (MLCK-210-/-) confirmed the importance of long MLKC in increasing the 

pulmonary microvascular permeability in response to lung injury (405). Moreover, MLCK-210-/- 

mice are protected against microvascular hyperpermeability induced by burn injury (311). Moitra 

and colleagues generated genetically engineered mice overexpressing the long MLKC isoform in 

ECs (VE- MLCK-210) (254). VE-MLCK-210 mice showed increased pulmonary microvascular 

permeability under resting conditions and augmented hyperpermeability following lung injury 

(254). These findings established a pivotal role for long MLKC in increasing microvascular 

permeability. Therefore, targeting long MLKC isoform may be a promising therapeutic 

intervention in pathological conditions characterized by increased microvascular leakage. In this 

regard, further research on developing isoform-specific MLKC inhibitors is needed to reduce 

possible side effects with inhibition of long MLCK (338). 

Endothelial nitric oxide synthase (eNOS)  
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Nitric oxide (NO) was first identified as the major endothelium-derived relaxing factor 

nearly thirty years ago (108, 109, 153, 154, 262). To this date, NO-dependent vasodilation 

remains the most studied mechanism for endothelium-dependent vasodilation under 

physiological and pathological conditions. Three different nitric oxide synthases (NOS) catalyze 

the production of NO from L-arginine- neuronal or nNOS; inducible or iNOS; and endothelial or 

eNOS (104). Although other NOS can be present in the vascular wall, endothelial NO mainly 

comes from the activation of endothelial NO synthase (eNOS) or NOS3 (5, 256, 399). Synthesis 

of NO by eNOS requires the precursor L-arginine, cofactors tetrahydrobiopterin (BH4), flavin 

adenine dinucleotide (FAD), flavin mononucleotide (FMN), CaM, and iron protoporphyrin IX 

(Heme Fe). eNOS protein is synthesized as monomers but needs to form homodimers to 

produce NO. As monomers, the oxygenase domain of eNOS produces superoxide; a 

phenomenon commonly referred to as eNOS uncoupling that contributes to oxidative stress in 

diseases (399). 

eNOS is localized in the caveolae, which are membrane invaginations rich in caveolin-1 

(104, 357). eNOS can be activated in a Ca2+-dependent manner or through posttranslational 

modifications. Ca2+ can activate eNOS by inducing CaM binding to the CaM-binding domain on 

eNOS. Increased Ca2+-CaM displaces eNOS from caveolin-1 and relieves the inhibitory effect of 

caveolin-1 on eNOS activity (71). Moreover, the displacement of eNOS from caveolin-1 promotes 

its translocation to the cytosol, where eNOS can undergo posttranslational modifications that 

activate it.  Association of eNOS with caveolin-1 also localizes it with several other signaling 

molecules, including ion channels, protein kinases, GPCRs, and tyrosine kinases, thus 

potentially increasing the chances of eNOS activation by these signaling elements (399). 

Phosphorylation can have variable effects on eNOS activity depending on the site of 

phosphorylation. Phosphorylation at Ser1177 activates, whereas phosphorylation at Thr495 inhibits 

the enzyme (101, 104, 143, 247). PKA, protein kinase B (PKB), AMPK, CaMK, and extracellular 
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signal-regulated kinases 1 or 2 can phosphorylate eNOS at Ser1177 (143). On the contrary, Rho 

kinase and PKC phosphorylate eNOS at Thr495 and thus inhibit it (48, 366). Moreover, tyrosine 

kinase can also phosphorylate eNOS on Tyr657 and lower eNOS activity (100). Phosphorylation 

of eNOS at Tyr81 by Src kinase facilitates NO production (106). In addition to phosphorylation, 

other posttranslational modifications that modify eNOS activity include cysteine palmitoylation, 

which localizes eNOS to the caveolae and brings it closer to regulatory signaling elements (215); 

S-nitrosylation at Cys94 and Cys99 that inhibits enzyme activity (309); acetylation at Lys610 and 

deacytylation at Lys497 and Lys507, which increase the enzyme activity (143); glycosylation at 

Ser1177, which decreases eNOS activity(265); S-glutathionylation at Cys689 and Cys908, which 

promotes eNOS uncoupling (46, 47). 

NO released as a result of eNOS activation can passively diffuse to the SMC layer, where 

it activates a soluble guanylyl cyclase (GC)-cGMP-PKG signaling pathway to cause vasodilation 

(69). NO can also activate the endothelial GC-PKG pathway that limits Ca2+ influx in ECs and 

endothelium-dependent vasodilation (238). Two main K+ channels that regulate SMC membrane 

potential are BK and Kv channels (163). While it is well-established that NO activates both BK 

and Kv channels, the mechanism of activation appears to be two-fold. Some studies show GC-

cGMP-dependent activation of BK channels by NO (11, 313), whereas other studies indicate that 

NO can activate both BK and Kv channels in a GC-PKG-independent manner (29, 252). The 

latter mechanism possibly involves post-translational modification of the channel by NO, such as 

S-nitrosylation, or cAMP-PKA signaling (159). Activation of SMC K+ channels by NO results in 

membrane hyperpolarization, which deactivates LTCCs to relax SMCs. PKG also promotes the 

uptake of Ca2+ by the SR by phosphorylating phospholamban, which increases SERCA activity 

(41, 399). IP3R Ca2+ release from the SR in SMCs is crucial for myogenic vasoconstriction (118, 

421). PKG has also been shown to phosphorylate IP3R-associated PKG substrate (IRAG), 

inhibiting Ca2+ release from the SR (327, 328) and myogenic vasoconstriction. The NO-GC-
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cGMP-PKG-I pathway also activates MLCP in SMCs. PKG-I binds to and phosphorylates the 

regulatory subunit of MLCP, MYPT1, and prevents the inhibition of MLCP.  This MLCP de-

inhibition lowers cross-bridge cycling and SMC contraction (212, 372, 424).  

Intriguingly, both IK/SK channels and eNOS can be activated by Ca2+, and yet either 

eNOS or IK/SK channels play a predominant role in endothelium-dependent vasodilation in each 

vascular bed. A generally accepted distinction is that eNOS regulates endothelium-dependent 

vasodilation in larger (conduit) arteries, whereas IK/SK channel mediated hyperpolarization plays 

a major role in smaller, resistance-sized arteries (342, 396). Moreover, lower level, localized 

increases in Ca2+ seem to preferentially couple with IK/SK channels (14, 147, 354, 355) except in 

the case of small pulmonary arteries where they couple with eNOS (238). Ottolini and colleagues 

recently showed that Ca2+ signal-IK/SK channel co-localization and NO scavenging protein Hb 

favor Ca2+-IK/SK channel signaling in systemic arteries. On the contrary, Ca2+ signal-eNOS co-

localization and absence of Hb facilitated Ca2+ signal-eNOS signaling in the pulmonary 

circulation (Figure 4)  (286). It should be noted that the blood pressure is elevated in eNOS 

global knockout mice (339, 359, 398). eNOS is also expressed in cell types other than 

endothelial cells. Therefore, investigations in endothelium-specific eNOS-/- are likely to result in 

interesting findings on endothelium-dependent vasodilation and blood pressure regulation.  

 

1.6 Abnormal Ca2+ signaling in vascular disorders  

        The role of abnormal Ca2+ signaling mechanisms in the pathogenesis of vascular disorders 

is well-established, particularly in resistance-sized arteries and arterioles. Both endothelial and 

SMC Ca2+ signaling mechanisms are impaired in various disorders. Ca2+ signals in SMCs have 

mostly been associated with increased in activity, resulting in vasoconstriction and higher 

vascular resistance. RyR-mediated Ca2+ sparks are an exception to this rule as they are 

vasodilatory signals, and their activity is decreased in vascular disorders. Impairment of 
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endothelial Ca2+ signaling mechanisms attenuates endothelium-dependent vasodilation, 

contributing to increased vasoconstriction in vascular disorders. Increased activity of SMC and 

endothelial Ca2+ signals has also been associated with hyperproliferation, migration, and 

hyperpermeability in vascular disorders. In this section, we will discuss the studies on Ca2+ 

signaling mechanisms in resistance arteries and arterioles in vascular disorders. 

In the endothelium, AKAP150 and TRPV4 channels are highly localized at MEPs, where 

AKAP150 anchors PKC in the vicinity of TRPV4 channels and increases the coupling among 

TRPV4 channels (355). Ca2+ influx through endothelial TRPV4 channels causes vasodilation via 

IK/SK channel activation (14, 354). Sonkusare and colleagues demonstrated that Ang II-induced 

hypertension disrupts endothelial AKAP150-TRPV4 channel signaling by lowering the expression 

of AKAP150 at MEPs (355).  A recent study by Ottolini et al. proposed the concept of 

pathological signaling microdomains in obesity, whereby pathological elements localized at 

MEPs impaired endothelial Ca2+ signaling (288). The authors first demonstrated the importance 

of endothelial AKAP150-TRPV4 channel signaling in lowering systemic blood pressure under 

normal conditions. In obesity, increased expression of inducible nitric oxide synthase (iNOS) and 

NADPH oxidase 1 (NOX1) at MEPs correlated with elevated levels of nitric oxide (NO) and 

superoxide radicals (O2
-.), respectively. Interaction of NO and O2

-. resulted in localized formation 

of the oxidant molecule peroxynitrite. Peroxynitrite, in turn, disrupted AKAP150-PKC interaction, 

thereby reducing TRPV4 channel activity at MEPs. The loss of endothelium-dependent 

vasodilation, as a result of this pathological signaling, led to increased blood pressure in obesity. 

In a separate study, Wilson and colleagues indicated that altered Ca2+ signaling networks of 

endothelial cells contribute to the loss of endothelial function in obesity (423). Ca2+ signaling 

networks of endothelial cells are critical for determining overall vascular resistance (201). While 

the loss of endothelial function in obesity is well-documented (288, 423), a study by Greenstein 

and colleagues reported that obesity is not associated with a loss of endothelium-dependent 
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vasodilation (126). Differences in diet regimens and analytical techniques may be responsible for 

the divergent findings. Regardless, it should also be noted that obesity-induced vascular 

dysfunction is multifactorial and likely caused by both endothelial and smooth muscle 

impairments.  

Alterations in Ca2+ signals through endothelial TRPV4 channels have been demonstrated 

in multiple disease models. In cerebral arteries from a mouse model of Alzheimer’s disease, 

endothelial TRPV4 channel activity was impaired with a consequent decrease in acetylcholine-

evoked vasodilation. The impairment of TRPV4 channel activity was linked to the excessive 

formation of ROS in this model. Indeed, reducing H2O2 and O2
.- levels rescued the vasodilation to 

acetylcholine (450). Similarly, Ma et al. observed decreased acetylcholine-induced vasodilation 

in mesenteric arteries from diabetic mice that was attributed to impaired TRPV4-SK channel 

signaling (228). Stroke-prone spontaneously hypertensive rats also showed a downregulation of 

endothelial TRPV4 and SK channels, resulting in impaired acetylcholine-induced vasodilation 

(334) . 

Recent discoveries suggest a detrimental role for excessive Ca2+ in endothelial cells from 

arteries or capillaries in the pathogenesis of some vascular disorders. Excessive endothelial Ca2+ 

activity in systemic arteries was correlated with elevated histone levels after traumatic brain 

injury (56). Collier and colleagues found that high levels of histones in the plasma from trauma 

patients evoked an exaggerated increase in endothelial Ca2+. Prolonged exposure to histones 

led to endothelial Ca2+ overload, endothelial cell death, and subsequent loss of endothelium-

dependent vasodilation (56). Another study by Suresh et al. suggested that higher endothelial 

Ca2+ levels, resulting from increased TRPV4 channel activity, underlies capillary endothelial 

migration in pulmonary hypertension (370). Contrary to these results, a recent study presented 

an exciting idea that reduced membrane cholesterol content lowers Ca2+ entry in endothelial cells 

in pulmonary hypertension (447).  
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1.7 Conclusion 

Ca2+ signals in ECs arise from different sources and couple with disparate targets. 

Various Ca2+ signals combined with multiple Ca2+-sensitive targets and physiological stimuli 

result in numerous stimulus-Ca2+ signal-target linkages and functional effects. Ca2+ signals in 

ECs occur in a spatially restricted manner; however, excessive activation of individual signals 

can result in a whole-cell increase in Ca2+. Recent developments in image acquisition speed, 

combined with confocal, TIRF, and multi-photon imaging, have advanced our understanding of 

spatial and kinetic properties of the individual Ca2+ signals in the vasculature. Recent functional 

studies have also provided the understanding that Ca2+ signaling pathways are indispensable for 

intercellular communications that regulate vascular contractility. Moreover, the individual Ca2+ 

signaling elements can interact with one another to achieve a finer control of vascular function.  

There is remarkable heterogeneity in the Ca2+ signaling mechanisms among different 

vascular beds, contributing to functional heterogeneity of ECs. The Ca2+ signaling elements, their 

regulatory proteins, and signaling targets vary from large arteries to small arteries and from one 

vascular bed to another. While the functional effects of most Ca2+ signaling pathways are well-

established at the level of resistance arteries or arterioles, the physiological roles of many 

pathways at the whole-animal level remain unknown. In some cases, data interpretation is 

confounded by the presence of an ion channel in both SMCs and ECs. Cell-specific knockout 

mice will provide a definitive answer to the physiological significance of such pathways in either 

ECs or SMCs. The Ca2+ signaling mechanisms ECs can be activated by mechanical (pressure or 

flow) or neurohumoral (GPCR signaling, nerve-stimulation) stimuli. Although significant progress 

has been made in understanding the mechanisms for myogenic vasoconstriction and flow-

mediated vasodilation, the precise mechanosensor proteins remain unclear. Recent discoveries 

suggest that TRPP1, TRPML1, and PIEZO1 channels may represent new Ca2+ signaling 

pathways contributing to mechanosensation in the vasculature.  It is anticipated that future 
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studies will reveal newer Ca2+ signaling elements, their physiological roles, and abnormalities in 

pathological conditions. Ca2+ signaling mechanisms and signaling organizations of cells have 

been shown to be abnormal in vascular disorders. Therefore, a major objective of future studies 

will be to identify “targetable” abnormalities in Ca2+ signaling mechanisms in vascular disorders.   
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Figure 1. The contrasting effects of smooth muscle cell (SMC) and endothelial cell 

(EC) Ca2+ on vascular contractility. 

 

Figure 1. Mechanical and neurohumoral stimuli can increase intracellular Ca2+ in SMCs and 

ECs. Intracellular Ca2+ in SMCs and ECs, in general, has opposite effects on vascular 

resistance. Increase in SMC Ca2+ activates the contractile machinery in SMCs (myosin light 

chain kinase or MLCK/Actin-Myosin). In contrast, an increase in EC Ca2+ inhibits SMC 

contractile mechanisms. The dotted red line indicates inhibition of SMC contractility.  
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Figure 2. Ca2+ signaling networks at myoendothelial projections (MEPs).   

 

Figure 2. Ca2+ influx via TRPV4/TRPV3/TRPA1/TRPC3 channels or Ca2+ release from the 

endoplasmic reticulum (ER) via inositol triphosphate receptors (IP3Rs) at MEPs activates nearby 

small (SK) and intermediate (IK) conductance Ca2+-activated K+ channels. IK/SK channel 

activation hyperpolarizes endothelial cells (EC) membrane and results in vasodilation. 

TRPV/TRPA/TRPC: members of transient receptor potential channel family. 
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Figure 3. Signaling mechanisms at myoendothelial projections (MEPs) that control 

the communication between endothelial and smooth muscle cells (SMCs) and 

SMC contractility. 

 

Figure 3. Stimulation of Gq-protein coupled receptors (GqPCRs) on SMC membrane leads to 

the formation of inositol triphosphate (IP3) and diacylglycerol (DAG). DAG activates protein 

kinase C (PKC), which phosphorylates voltage-gated Ca2+ (CaV1.2) channel, leading to an 

increase in SMC Ca2+ and vasoconstriction.  IP3 and Ca2+ can diffuse to ECs through 

myoendothelial gap junctions (MEGJ). Elevation of IP3 and Ca2+ at MEPs limits vasoconstriction 

by activating TRPV4-IK/SK channel and IP3R-IK/SK channel signaling. TRPV4: transient 

receptor potential vanilloid channel 4 (TRPV4); SK and IK: small (SK) and intermediate (IK) 

conductance Ca2+-activated K+ channels.   
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Figure 4. The molecular mechanism underlying selective activation of IK/SK 

channels in mesenteric arteries versus eNOS in pulmonary arteries. 

 

 

Figure 4. In mesenteric arteries, Ca2+ entry through the TRPV4 channel at the myoendothelial 

projections (MEPs) determines vasodilation via activation of nearby small (SK) and intermediate 

(IK) conductance Ca2+-activated K+ channels. Co-localization of endothelial nitric oxide synthase 

(eNOS) with hemoglobin alpha (Hb), a nitric oxide (NO) scavenging protein, prevents TRPV4-

eNOS signaling. On the contrary, in pulmonary arteries, IK/SK channels and Hb do not localize 

at MEPs. Therefore, Ca2+ influx via TRPV4 channel activates eNOS causing NO-dependent 

vasodilation. EC: endothelial cell.  
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Figure 5. The contribution of endothelial P2X purinergic receptor, PIEZO1, TRPP1, 

and TRPV4 channels to flow-induced vasodilation. 

 

Figure 5. Sheer stress-dependent activation of P2X, PIEZO1, TRPP1, and TRPV4 channels 

increases endothelial Ca2+. Shear stress-induced increase in endothelial Ca2+ can cause 

vasodilation via one of the two pathways- 1) activation of endothelial nitric oxide synthase 

(eNOS) and nitric oxide (NO)-mediated vasodilation; and 2) activation of IK/SK channels, leading 

to endothelium-dependent hyperpolarization and vasodilation. TRPP1: transient receptor 

potential polycystic 1 channel, TRPV4: transient receptor potential vanilloid 4 channel.    
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Figure 6. Sarco-endoplasmic reticulum Ca2+‐ATPase (SERCA) transporting cycle. 

 

Figure 6. E1 indicates SERCA conformation characterized by a high affinity for Ca2+. E1-E2 

represents a transient high energy state.  E2 represents SERCA conformation characterized by a 

low affinity for Ca2+. Two cytosolic Ca2+ ions bind to SERCA in E1 conformation. Adenosine 

triphosphate (ATP) tethers to the nucleotide (N) domain and phosphorylates the (P) domain. The 

phosphorylated (P) domain interacts with the (A) domain resulting in two sequential 

conformational changes (E1-E2, and E2). SERCA in E2 conformation releases Ca2+ into the 

sarcoplasmic reticulum (SR) lumen. Pi: inorganic phosphate; ADP: adenosine diphosphate; H+: 

proton. 
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2.1 Materials and Methods for Chapter 3 

Animal care and use. Male C57BL6/J, eNOS−/− (10–14 weeks old, ~25 g; The Jackson 

Laboratory, Bar Harbor, ME, USA), and TRPV4EC
-/- mice (289) were used in this study (n = 85 

mice in total). Mice were housed in an enriched environment and maintained on a 12:12 h light-

dark cycle at ~23°C with fresh tap water and standard chow diet available ad libitum. Mice were 

euthanized with pentobarbital (90 mg/kg, intraperitoneal; Diamondback Drugs, Scottsdale, AZ, 

USA) followed by decapitation for harvesting intestinal and lung tissues. TRPV4EC
-/- mice were 

developed and validated as described earlier (289). Third-order MAs (~100 m) and fourth order 

PAs (~100 m) were dissected in cold Hepes-buffered physiological salt solution (Hepes-PSS; 

10 mM Hepes, 134 mM NaCl, 6 mM KCl, 1 mM MgCl2 hexahydrate, 2 mM CaCl2 dihydrate, and 

7 mM dextrose; pH adjusted to 7.4 using 1 M NaOH).  

Pressure myography. Isolated PAs and MAs were cannulated on glass pipettes, mounted in 

an arteriography chamber (Instrumentation and Model Facility, University of Vermont, Burlington, 

VT, USA) at areas lacking branching points, and pressurized to physiological pressure (15 mm 

Hg for PAs and 80 mm Hg for MAs). Arteries were superfused with PSS (119 mM NaCl, 4.7 mM 

KCl, 1.2 mM KH2PO4, 1.2 mM MgCl2 hexahydrate, 2.5 mM CaCl2 dihydrate, 7 mM dextrose, and 

24 mM NaHCO3) at 37°C and bubbled with 20% O2/5% CO2 to maintain the pH at 7.4. All drugs 

were added to the superfusing PSS. Arteries were preconstricted with 100 nM U46619, a 

thromboxane A2 agonist. Endothelial health was assessed by monitoring the response to NS309 

(1 M), a direct opener of endothelial IK/SK channels. Arteries that failed to dilate to NS309 were 

discarded. In some experiments, the endothelium was denuded by passing an air bubble through 

the artery for 60 seconds. Complete removal of the endothelial cell layer was verified by the 

absence of dilation to NS309. Changes in arterial diameter were recorded at a 60‐ms frame rate 
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using a charge‐coupled device camera and edge‐detection software (IonOptix LLC, Westwood, 

MA, USA). For all drug treatments, the incubation time was 5–10 minutes. At the end of each 

experiment, Ca2+‐free PSS (119 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgCl2 

hexahydrate, 7 mM dextrose, 24 mM NaHCO3, and 5 mM EGTA) was applied to assess the 

maximum passive diameter. Percent constriction was calculated by  

[
(𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑏𝑒𝑓𝑜𝑟𝑒 − 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑎𝑓𝑡𝑒𝑟)

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑏𝑒𝑓𝑜𝑟𝑒
] ∗ 100, 

 

where Diameterbefore is the diameter before drug treatment and Diameterafter is the diameter after 

drug treatment.  

Percent vasodilation was calculated by 

[
(𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑑𝑖𝑙𝑎𝑡𝑒𝑑−𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑏𝑎𝑠𝑎𝑙)

(𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝐶𝑎 𝑓𝑟𝑒𝑒− 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑏𝑎𝑠𝑎𝑙)
] ∗ 100, 

 

where 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑏𝑎𝑠𝑎𝑙 is the diameter before drug treatment, 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑑𝑖𝑙𝑎𝑡𝑒𝑑 is the diameter after 

drug treatment, and 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝐶𝑎𝑓𝑟𝑒𝑒 is the maximum passive diameter. 

For a subset of MAs, pressure myography studies were performed in the absence of U46619 at 

a pressure of 80 mm Hg to induce myogenic tone. Endothelial health was tested with NS309, 

followed by treatment with the TRPV4 inhibitor GSK2193874.  

Ca2+ imaging. Ca2+-imaging studies were performed as described previously (147, 238, 354). 

Briefly, third-order MAs and fourth-order PAs were surgically opened and pinned down on a 

SYLGARD block with the endothelium facing up (en face preparation). MAs and PAs were 

incubated with Fluo-4 AM (10 M) and pluronic acid (0.04%) at 30°C for 45 and 30 minutes, 

respectively, in the dark. Ca2+ images were acquired at 30 frames per second using an Andor 
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Revolution WD (with Borealis) spinning-disk confocal imaging system (Andor Technology, 

Belfast, UK) comprising an upright Nikon microscope with a 60X water-dipping objective 

(numerical aperture, 1.0) and an electron multiplying charge-coupled device camera. Arteries 

were superfused with PSS (119 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 1.2 mM MgCl2 160 

hexahydrate, 2.5 mM CaCl2 dihydrate, 7 mM dextrose, and 24 mM NaHCO3), bubbled with 20% 

O2 and 5% CO2 to maintain the pH at 7.4. All experiments were performed at 37°C. Fluo-4 was 

excited using a 488-nm solid-state laser, and emitted fluorescence was captured using a 525/36 

nm band-pass filter. Arteries were treated with cyclopiazonic acid (CPA; 20 M), a sarco-

endoplasmic reticulum (SR/ER) Ca2+-ATPase inhibitor, for 15 minutes at 37°C before imaging to 

eliminate intracellular Ca2+-release signals. CPA does not per se alter the activity of endothelial 

TRPV4 (TRPV4EC) sparklets (147). TRPV4EC sparklet activity was determined before and 5 

minutes after the addition of a given pharmacological agent. Ca2+ images were analyzed using 

custom-designed SparkAn software (developed by Dr. Adrian Bonev, University of Vermont). 

Fractional fluorescence traces (F/F0) were obtained by placing a 1.7 µm2 (5×5 pixels) region of 

interest (ROI) at the peak event amplitude. Representative F/F0 traces were filtered using a 

Gaussian filter and a cutoff corner frequency of 4 Hz.  

Analysis of TRPV4EC sparklet activity. TRPV4EC sparklet activity was assessed by 

measuring increases in fluorescence over an averaged image obtained from 10 images using 

previously established methods (147, 238, 354). The average TRPV4EC sparklet activity is 

defined as NPO, where N is the number of TRPV4EC channels per site and PO is the open state 

probability of the channel. NPO was calculated with the Single Channel Search module of 

Clampfit using quantal amplitudes derived from all-points histograms (0.29 ΔF/F0 for Fluo-4-

loaded MAs) by applying the following equation:  
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𝑁𝑃𝑜 = [
(𝑇𝑙𝑒𝑣𝑒𝑙1 + 2𝑇𝑙𝑒𝑣𝑒𝑙2 + 3𝑇𝑙𝑒𝑣𝑒𝑙3 + 4𝑇𝑙𝑒𝑣𝑒𝑙4 )

𝑇𝑡𝑜𝑡𝑎𝑙
], 

 

where T represents the dwell time at each quantal level, and Ttotal is the total recording duration. 

Average NPO per site was obtained by averaging the NPO for all sites in a field. The total number 

of sites per field corresponds to all sparklet sites per field averaged over different arteries.  

Analysis of TRPV4EC sparklet localization at MEPs. TRPV4EC sparklet localization at 

MEPs was measured using Alexa Fluor 633 hydrazide staining of the internal elastic lamina 

(IEL). After performing Ca2+-imaging experiments, arteries were incubated with Alexa Fluor 633 

hydrazide (10 M) for 5 minutes (147, 238). Images were obtained from the same fields of view 

(matching X- and Y-coordinates) as used for recording TRPV4EC sparklets, using an excitation 

wavelength of 640 nm and a band-pass emission filter (685/40 nm). Sparklet localization was 

assessed by overlaying the Fluo-4 image with Alexa Fluor 633 IEL staining. ROIs (1.7 µm2) 

corresponding to the peak sparklet fluorescence were placed on the overlaid IEL staining. 

Sparklet sites were considered to be localized to MEPs if the ROI was within 2 m of the 

perimeter of holes in the IEL (147, 238). The remaining sparklet sites were considered to be non-

MEPs sites.  

Immunostaining. Immunostaining was performed on en face preparations of MAs and PAs. 

Briefly, arteries were pinned down en face on Sylgard blocks and fixed with 4% 

paraformaldehyde at room temperature for 15 minutes. Fixed arteries were washed three times 

for 5 minutes with phosphate-buffered saline (PBS). The arteries were then treated with 0.2% 

Triton-X/PBS for 30 minutes at room temperature on a rocker. Following this permeabilization 

step, arteries were treated with 5% normal donkey serum or normal goat serum (Abcam plc, 

Cambridge, MA, USA) for 1 hour at room temperature and subsequently incubated overnight 

with antibodies against TRPV4, IK, SK, eNOS or Hbα overnight at 4°C . Arteries were then 
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washed three times with PBS and incubated with Alexa Fluor 568-conjugated donkey anti-rabbit 

or goat anti-rabbit secondary antibody (1:500; Life Technologies, Carlsbad, CA, USA), as 

appropriate, at room temperature for 1 hour in the dark. Thereafter, arteries were washed three 

times with PBS and incubated with 0.3 M 4’,6-diamidino-2-phenylindole (DAPI; Invitrogen, 

Carlsbad, CA, USA) for 10 minutes at room temperature in the dark to stain nuclei. Images were 

obtained using the Andor imaging system as described previously (147, 238). Consecutive 

images were taken along the z-axis at a slice thickness of 0.2-m from the top surface of ECs to 

the bottom surface where they contacted SMCs. DAPI immunostaining was imaged by exciting 

at 409 nm and collecting the emitted fluorescence with a 447/60-nm band-pass filter. The 

specificity of the antibody was determined using arteries from endothelial TRPV4-/- knockout mice 

(289) and global eNOS-/- mice for TRPV4 and eNOS, respectively. Blocking peptides were used 

in antibody control experiments for IK channel (REQVNSMVDISKMHMILYDL, Genscript USA 

Inc., Piscataway, NJ, USA), SK channel (ETQMENYDKHVTYNAERS, Genscript USA Inc.), and 

Hb (Abcam plc., ab93083) antibodies. No immunostaining was observed under these 

conditions.  

 

Table 1. List of primary antibodies used for immunostaining. 

Protein Company ID Clonality Concentration References 

TRPV4 

 

LifeSpan 

BioScience, Inc. 

LS_C94498 

 

Polyclonal 1:200 (316) 

eNOS BD Biosciences 610297 Monoclonal 1:100 (197) 
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IK Santa Cruz 

Biotechnology, 

Inc.  

SC 365265 

 

Monoclonal 1:200 (221) 

SK 
Alomone Labs 

 

APC-028 

 

Monoclonal 1:200 (191) 

Hbα 
Abcam plc. ab92492 

 

Monoclonal 1:100 (317) 

Automated co-localization analysis. Imaris 9.3 image analysis software (Bitplane AG, Zurich, 

Switzerland) was used for automated analyses. Co-localization analyses were performed on 

three-dimensional (3D) images reconstructed from z-stack images from the top surface of the 

ECs to the point where MEPs contacted SMCs.  The percentage of MEPs (black holes) that 

coincided with a given protein of interest was determined from automated counts of the total 

number of holes in each field of view. The green channel, showing the autofluorescence of the 

IEL, and black holes, indicating MEPs, were inverted so as to render MEPs in green. 

Background noise was then subtracted, and the image was filtered using a Gaussian filter (filter 

width, 0.2 m). MEPs were automatically detected as green dots ≥ 2 m in diameter. As a final 

visual confirmation of the accuracy of the automated detection of MEPs, the original green 

channel was re-inserted; the detection accuracy for MEPs was found to be ~95%. MEP detection 

was followed by automatic detection of the protein of interest, indicated by red immunostaining ≥ 

2 m in diameter. Finally, using a built-in Matlab R2019b co-localization feature in Imaris 9.3, 

MEPs and the protein of interest were considered to co-localize if the detected protein sites were 

within a distance of 4 m from the detected MEPs. A similar procedure was followed for 

determining the percentage of immunostaining that co-localized with MEPs; immunostaining dots 

were detected first, followed by MEP detection, and co-localization analysis. To determine the 
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probability that proteins were randomly distributed to MEPs, we randomly placed ROIs on 

immunostaining images and performed automated co-localization analyses. This analysis yielded 

12% and 22% random co-localization of proteins with MEPs in MAs and PAs, respectively.           

Patch-clamp analysis of freshly isolated ECs. ECs were freshly isolated from third-order 

MAs and fourth-order PAs. Briefly, MAs and PAs were digested at 37°C for 60 and 30 minutes, 

respectively, in dissociation solution (55 mM NaCl, 80 mM Na-glutamate, 6 mM KCl, 2 mM 

MgCl2, 0.1 mM CaCl2, 10 mM glucose, 10 mM Hepes, pH 7.3) containing Worthington neutral 

protease (0.5 mg/mL). For MAs, collagenase (Worthington type 1, 0.5 mg/mL) was added to the 

enzyme solution after 60 minutes, and digestion was continued for two more minutes. Whole-cell 

currents were measured at room temperature using the perforated-patch configuration of the 

whole-cell patch-clamp technique. The bathing solution consisted of 10 mM Hepes, 134 mM 

NaCl, 6 mM KCl, 2 mM CaCl2, 10 mM glucose, and 1 mM MgCl2 (adjusted to pH 7.4 with NaOH). 

Patch electrodes were pulled from borosilicate glass (O.D., 1.5 mm; I.D., 1.17 mm; Sutter 

Instruments, Novato, CA, USA) using a Narishige PC-100 puller (Narishige International USA, 

Inc., Amityville, NY, USA) and polished using a MicroForge MF-830 polisher (Narishige 

International USA). The composition of the pipette solution for perforated-patch experiments was 

10 mM Hepes, 30 mM KCl, 10 mM NaCl, 110 mM K-aspartate, and 1 mM MgCl2 (adjusted to pH 

7.2 with NaOH). Amphotericin B was dissolved in the intracellular pipette solution to reach a final 

concentration of 0.3 M. The pipette resistance was 3–5 MΩ. IK and SK channel currents were 

elicited by adding 1 M NS309 (IK/SK channel activator) or 10 and 100 nM GSK101 (TRPV4 

channel agonist) to the superfusate. IK/SK channel currents were inhibited by adding TRAM-34 

(IK channel inhibitor, 1 M) and apamin (SK channel inhibitor, 300 nM) to the bath. Current 

traces obtained from freshly isolated ECs in the presence of TRAM-34 and apamin were 

subtracted from traces obtained in the presence of NS309 or GSK101 alone to yield TRAM-34 + 

apamin-sensitive IK/SK channel currents. IK/SK channel currents were recorded by applying 
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200-ms voltage ramps from -140 mV to +50 mV from a holding potential of -50 mV. The pipette 

solution for conventional patch clamp consisted of 10 mM HEPES, 123.2 mM KCl, 10 mM NaCl, 

5.5 mM MgCl2, 0.2 mM CaCl2, and 5 mM HEDTA (adjusted to pH 7.2 with 16.8 mM KOH) and 

contained 3 M free-Ca2+ and 1 mM free-Mg2+, as calculated using the Max-Chelator program 

(Chris Patton, Stanford University, CA, USA). TRPV4 channel current was measured in the 

presence of ruthenium red (1 M) using the perforated-patch configuration as described 

previously (354). Currents induced by the TRPV4 channel agonist GSK101 were assessed 

following application of a 200-ms voltage step from -50 to +100 mV. Data were acquired using a 

HEKA EPC 10 amplifier and PatchMaster v2X90 software (Harvard Bioscience, Holliston, MA, 

USA). Patch-clamp data were analyzed using FitMaster v2X73.2 (Harvard Bioscience) and 

MATLAB R2018a (MathWorks, Natick, MA, USA). TRPV4 channel currents were inhibited by 

applying 100 nM GSK2193874 (hereafter, GSK219), a selective TRPV4 antagonist, to the bath 

solution. The effect of each drug was studied 5 minutes after addition.  

Proximity Ligation Assay (PLA). Third-order MAs and fourth-order PAs were isolated and 

pinned down en face on a Sylgard block. Arteries were fixed in 4% paraformaldehyde for 15 

minutes, washed three times with PBS, and then incubated in a solution of 0.2% Triton X for 30 

minutes at room temperature. Following this latter permeabilization step, arteries were blocked 

by incubating with either 5% normal donkey serum (Abcam plc) or 300 mM glycine at room 

temperature for 1 hour. Arteries were then washed three times with PBS and incubated overnight 

at 4°C with primary antibodies. The following day, the PLA protocol was performed as described 

by the manufacturer of the Duolink PLA Technology kit (Sigma-Aldrich, St. Louis, MO, USA). 

After incubating arteries with 0.3 µM DAPI nuclear stain (Invitrogen, Carlsbad, CA, USA) for 10 

minutes at room temperature in the dark, PLA imaging and analysis were performed using an 

Andor Revolution spinning-disk confocal imaging system and Imaris 9.3 software (Bitplane AG, 
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Zurich, Switzerland), respectively. Images were obtained along the z-axis at a slice thickness of 

0.02 m from the top surface of ECs to the bottom surface where they contact SMCs. 

NO measurements. MAs and PAs were pinned down en face on a Sylgard block and 

incubated with 5 M DAF-FM (4-amino-5 methylamino-2’,7’-difluorofluorescein diacetate), 

prepared in Hepes-PSS containing 0.02% pluronic acid (238) for 20 minutes at 30°C in the dark. 

DAF-FM forms a fluorescent triazole compound after binding to NO. DAF-FM fluorescence was 

captured using an Andor Revolution WD (with Borealis) spinning-disk confocal imaging system. 

DAF-FM fluorescence was recorded using an excitation wavelength of 488 nm, and emitted 

fluorescence was captured with a 525/36-nm band-pass filter. Images were obtained along the z-

axis at a slice thickness of 0.1 µm from the top surface of ECs to the bottom surface where they 

contact SMCs. For studying GSK101-induced NO release, arteries were treated with GSK101 (or 

vehicle for a control artery run in parallel) for 5 minutes, followed by GSK101 + DAF-FM (or 

vehicle + DAF-FM) for 20 minutes. Arteries were then placed in Hepes-PSS for 5 minutes before 

image acquisition, which was completed within 2 minutes. For studying the effect of HbX 

peptide on GSK101-induced NO release, arteries were treated with HbX (or vehicle) for 10 

minutes, followed by GSK101 + HbX (or vehicle) for 5 minutes and then GSK101 + HbX (or 

vehicle) + DAF-FM for 20 minutes. DAF-FM vials were stored at -20C and used within two 

months. Once dissolved in DMSO, DAF-FM solution was stored at -20C and used within one 

week. The same DAF-FM solution was used for all comparison groups on each day of 

experiments. 

DAF-FM fluorescence was analyzed using custom-designed SparkAn software. An 

outline was drawn around each endothelial cell to obtain the arbitrary fluorescence intensity of 

that cell. The plane with the peak fluorescence intensity was used for quantification. The 

background (intensity without laser) was then subtracted from the recorded fluorescence. The 
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fluorescence values from all cells in a field of view were averaged to obtain a single fluorescence 

number for that field.  

Western blotting. MAs and PAs were lysed in radioimmunoprecipitation (RIPA) lysis buffer 

containing protease inhibitors (Life Technologies, Grand Island, NY, USA). Protein concentration 

was measured using a DC Protein Assay kit (Bio-Rad, CA, USA). Lysates (30 g total protein) 

were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on denaturing 4–

12% gradient polyacrylamide ready-made gels (NuPAGE Bis-Tris gels; Life Technologies) and 

transferred onto PVDF (polyvinylidene difluoride) membranes. The membranes were blocked 

with 10% non-fat dried milk for 1 hour and incubated overnight with rabbit anti-eNOS antibody 

(NB-300-500, 1:500; Novus Biologicals, Littleton, CO, USA) at 4°C on a rotating shaker. The 

membranes were then washed three times with PBS containing 0.1% Tween-20 (PBST) and 

incubated with an anti-rabbit IgG-HRP (1:2500) secondary antibody for 90 minutes at room 

temperature. Immunoreactive proteins were visualized using enhanced chemiluminescence 

(ECL) detection reagents (SuperSignal West Femto Maximum Sensitivity Substrate; Life 

Technologies) as described previously (170). Blots were re-probed for β-actin to ensure equal 

protein loading. The relative density of bands was analyzed using Image J software.  

Chemicals and reagents. Cyclopiazonic acid, GSK1016790A, GSK2193874, NS309, apamin, 

and TRAM-34 were purchased from Tocris Bioscience (Minneapolis, MN, USA). L-NNA, Alexa 

Fluor 633 hydrazide, and DAF-FM were obtained from Thermo Fisher Scientific Inc. (Waltham, 

MA, USA). All other chemicals were purchased from Sigma-Aldrich. HbX peptide and 

scrambled control peptide (Scr X) was obtained from Dr. Brant Isakson. 

Statistical analysis. Results are presented as means ± standard deviation. For imaging 

experiments (Ca2+ imaging, immunofluorescence, NO measurements, PLA) and pressure 

myography experiments, n=1 was defined as one artery, and for patch-clamp experiments, n=1 
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was defined as one cell. Data were obtained from at least three mice in experiments performed 

on at least two independent batches. All data were presented graphically using CorelDraw 

Graphics Suite X9 (Ottawa, ON, Canada) and were analyzed statistically using OriginPro 7.5 

(Northampton, MA, USA), GraphPad Prism 8 (San Diego, CA, USA), and Matlab R2019b 

(Natick, MA, USA). The normality of data was determined by performing a Shapiro-Wilk test. 

Data were analyzed using two-tailed, paired, or independent t-tests for comparison of data 

collected from two different treatments, or one-way or two-way analysis of variance (ANOVA) for 

analysis of statistical differences among more than two different treatments. A post hoc Tukey’s 

correction was performed in cases where ANOVA results were significant. P-values < 0.05 were 

considered statistically significant.  

2.2 Materials and Methods for Chapter 4 

Animal Protocols. All animal protocols were approved by the University of Virginia Animal 

Care and Use Committee (Protocols 4120 and 4051). A total of 210 mice were used in the study. 

Male C57BL6/J with normal chow (normal fat diet or NFD: 10% kcal fat) or high-fat diet (HFD: 

60% kcal fat, Research Diets Inc., New Brunswick, NJ, USA; 14 weeks starting at 6 weeks of 

age), and endothelium-specific TRPV4 (TRPV4EC
-/- ) and AKAP150 (AKAP150 EC

-/-) knockout 

mice (12-14 weeks old) were used in the present study. Female C57BL6/J mice fed a high-fat 

diet for 14 weeks did not show endothelial dysfunction, therefore, only male mice were used in 

this study. Some of TRPV4EC
-/- mice were fed HFD for 14 weeks. Mice were euthanized with 

pentobarbital (90 mg/kg, intraperitoneal) followed by decapitation for harvesting gut tissues. 

Third-order mesenteric arteries (MAs, ~100 µm) were dissected in cold Hepes-buffered 

physiological salt solution (Hepes-PSS; 10 mM Hepes, 134 mM NaCl, 6 mM KCl, 1 mM MgCl2 

hexahydrate, 2 mM CaCl2 dihydrate, and 7 mM dextrose, pH adjusted to 7.4 using 1M NaOH). 

The perivascular adipose tissue was removed for all the ex vivo experiments. For in vivo 

experiments, an independent team member performed random assignment of animals to groups 
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and did not have knowledge of treatment assignment groups. All the in vivo experiments were 

blinded; information about the groups or treatments was withheld from the experimenter or from 

the team member who analyzed the data. All the experiments were performed in at least two 

independent batches. Isolation of human splenius and temporalis muscle tissue. Splenius and 

temporalis muscle tissue were obtained from non-obese (BMI ≤ 25) and obese (BMI ≥ 30) 

individuals during craniotomy surgeries as approved by University of Virginia Institutional Review 

Board (Protocol # 18699). Informed consents were obtained as per the protocol. Small arteries (~ 

100 µm) were dissected out from the muscle tissue in cold Hepes-PSS. Samples from 8 

individuals were used in the study (4 non-obese and 4 obese). Generation of TRPV4EC
-/-  and 

AKAP150 EC
-/- mice. TRPV4EC

-/- or AKAP150 EC
-/- mice were generated by crossing TRPV4lox/lox  or 

AKAP150lox/lox (The Jackson Laboratory, Bar Harbor, ME, USA) mice with tamoxifen-inducible 

VE-Cadherin (Cdh5) Cre mice . AKAP150lox/lox Cre+ or TRPV4lox/lox Cre+ mice were injected with 

tamoxifen (Sigma-Aldrich, St. Louis, MO, USA) at 6 weeks of age (40 mg/kg i.p. per day for 10 

days), followed by a 2-week washout period. AKAP150lox/lox Cre- or TRPV4lox/lox Cre- mice 

injected with tamoxifen were used as Wild-type (WT) control mice. Immunostaining for TRPV4EC 

or AKAP150EC or endothelial cell mRNA levels for TRPV4EC or AKAP150EC (described below) 

were compared to confirm endothelial knockout of TRPV4 or AKAP150. Genotyping. Samples of 

ear tissue were treated with the HotSHOT lysis buffer (25 mM NaOH, 0.2 mM EDTA) and 

neutralized with an equal volume 40 mM Tris-HCL to extract genomic DNA. Polymerase Chain 

Reactions were performed using 1 unit Bioline MangoTaq Polymerase and buffer (London, 

England), 1.5 mM MgCl2, 200 µM of each dNTP, 1 µM 5’ and 3’ primers, and approximately 100-

250 ng genomic DNA, and run on a Bio-Rad T100 Thermal Cycler (Hercules, CA). Reaction 

products were then run on a 1% agarose gel containing 0.2 µg/µL ethidium bromide in TAE 

Buffer (40 mM Tris Base, 20 mM Acetic Acid, 1 mM EDTA) at 90V using a Bio-Rad PowerPac 

HC High-Current Power Supply. Gels were visualized by exposing to 302 nm UV light and 

compared to a New England BioLabs 100 bp DNA Ladder (Ipswich, MA). The genotyping 
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primers included: Cdh5 Cre, 5’ GCCTGCATTACCGGTCGATGCAACGA, 3’ 

GTGGCAGATGGCGCGGCAACACCATT; TRPV4loxP , 5’ CATGAAATCTGACCTCTTGTCCCC, 

3’ TTGTGTACTGTCTGCACACCAGGC; AKAP150loxP , 5’ GAAAGTAGCGCCTCCTTGGT, 3’ 

TGCTCAGATTTTGTTTGAGGTC. All primers were ordered from Eurofins Genomics (Louisville, 

KY). 

Peroxynitrite (PN) preparation and controls. The concentration of PN in the stock solution 

was determined spectrophotometrically using the reported extinction coefficient for PN (1670 

mol/L−1 ·cm−1 )(219) . The methods for PN preparation and use in vascular experiments were 

followed as published in Liu et al.(219) PN has a short half-life under physiological conditions. 

We, therefore, used decomposed PN as a control. Decomposed PN was obtained by leaving PN 

at room temperature for 2 hours, and the decay of PN was determined spectrophotometrically. 

Decomposed PN did not affect the activity of endothelial TRPV4 sparklets or vasodilation to 

carbachol or GSK1016790A 

Radiotelemetric blood pressure measurement. Continuous blood pressure 

measurements were performed using Dataquest A.R.T. 20 software (Data Sciences 

International, St. Paul, MN), as described previously(24, 356). AKAP150 EC
-/-, TRPV4EC

-/-  , and 

respective WT mice, NFD and HFD mice were anesthetized with isoflurane (1.5%) and 

radiotelemetry catheter (TA11PA-C10, Data Sciences International, St. Paul, MN) was implanted 

in the left carotid artery. The catheter was tunneled through to the radiotransmitter, which was 

placed in a subcutaneous pouch along the flank. Before arterial pressure measurements were 

initiated, mice were allowed to recover for seven days after surgery to regain normal circadian 

rhythms. Baseline systolic, diastolic, and mean arterial pressures, and heart rate were recorded 

continuously over 72 hours (at 1-min intervals) following the recovery period. The values over 

three days (6 AM to 6 PM) and three nights (6 PM to 6 AM) were averaged to obtain the baseline 

day- or night-time blood pressures and heart rate. In addition, NFD, HFD, and HFD- TRPV4EC
-/- 
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mice were given a single bolus intraperitoneal injection of uric acid (200 mg/kg), FeTPPS (10 

mg/kg), 1400W (10 mg/kg), or LNNA (100 mg/kg) at noon. Sterile saline solution (0.9%) was 

used as a vehicle, and vehicle only injections were used as control groups for statistical 

comparisons. Blood pressure and heart rate were recorded for one hour, at 5-min intervals. The 

blood pressures, at 15-20 minutes after injection, were compared between the groups. The 

experiments were performed in a blinded manner. 

Immunostaining. Immunostaining was performed on en face MAs. Briefly, arteries were 

pinned down en face on SYLGARD blocks and fixed with 4% paraformaldehyde at room 

temperature for 15-min. Fixed arteries were washed 3 times with phosphate-buffered saline 

(PBS) solution, each wash lasting for five minutes. The arteries were then treated with 0.2% 

Triton-X PBS for 30-min at room temperature on a rocker. Following this step, the arteries were 

treated with 5% normal donkey serum or normal goat serum (Abcam plc, Cambridge, MA, USA) 

one hour at room temperature and subsequently incubated with antibodies against TRPV4, 

AKAP150, nitrotyrosine, PKC, iNOS, NOX1, NOX2, NOX4 overnight at 4°C. Following overnight 

incubation, MAs were washed three times with PBS and then incubated with secondary antibody 

(1:500; Alexa Fluor® 568-conjugated donkey anti-rabbit, goat anti-rabbit, or goat anti-mouse, Life 

Technologies, Carlsbad, CA, USA) at room temperature for one hour in the dark room. The MAs 

were then washed three times with PBS. For nuclear staining, MAs were incubated with 0.3 µM 

DAPI (Invitrogen, Carlsbad, CA, USA) for 10-min at room temperature in the dark room. Images 

were obtained using the Andor imaging system described previously. Consecutive images were 

taken along the z-axis at a slice size of 0.2-µm from the top of the ECs to the bottom of the 

SMCs. DAPI immunostaining was imaged by exciting at 409 nm and collecting the emitted 

fluorescence with a 447/60-nm band-pass filter. The 3D rendering was accomplished using 

Imaris 9.3. For determining the percentage of MEPs that coincided with the immunostaining of 

interest (TRPV4, AKAP150, NOX, iNOS, nitrotyrosine), the total number of holes was counted for 
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each field of view. A horizontal x-y plot profile was then obtained for each hole using 5 µm x 50 

µm transects encompassing the hole. The holes that coincided with immunostaining intensity that 

was higher than 2 standard deviations above the baseline fluorescence intensity were counted 

as MEPs that expressed the protein under consideration. Other holes were grouped as MEPs 

that did not express the protein under consideration. Knockout mice (TRPV4 and AKAP150), 

secondary antibody alone control, and blocking peptides (Novus Biologicals NBP2-54670PEP for 

NOX4, Proteintech Ag5536 for NOX2, custom-synthesized peptide for iNOS from GenScript) at 

concentration five times higher than that of the antibody were used as negative controls. Primary 

antibody-specific immunostaining was eliminated in secondary antibody control/blocking peptide 

control/knockout mice control groups.  

Imaging for endothelial cysteine oxidation in third-order MAs and HEK293 cells. 

Reversible Cysteine sulfenic acid (CSA) intermediates of cysteine oxidation were trapped by 

treating the arteries with dimedone (5 mM, 60 minutes at 30°C). The arteries were then washed 

twice with PBS for five minutes each. Dimedone-tagged CSA containing protein were detected 

using anti-CSA (2-thiodimedone) antibody (Kerafast, Inc.Boston, MA, USA) (336). The arteries 

were then fixed with 4% paraformaldehyde, and the standard immunostaining, image acquisition, 

and analysis protocol was followed as described earlier. For detecting PN-induced cysteine 

oxidation in HEK293 cells (ATCC, Manassas, VA; passages < 20), the cells were incubated with 

PN (10 µM) in DMEM for 5 minutes at 37°C. The cells were washed twice with PBS containing 

10 mM dimedone, and then incubated with DMEM containing 10 mM dimedone for 1 hour. The 

cells were washed three times with PBS, and fixed with 4% paraformaldehyde. The standard 

immunostaining protocol was followed as explained earlier using the anti-CSA (2-thiodimedone) 

primary antibody. The mean fluorescence intensity for all the cells in a group was averaged per 

experiment. Each data point in the scatter plot indicates averaged mean fluorescence intensity 

per experiment. Each experiment was performed 3-5 times.  
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Peroxynitrite imaging. A peroxynitrite-selective fluorescent indicator coumarin boronic acid 

(CBA)(456) was used for peroxynitrite imaging. Peroxynitrite oxidizes CBA into the fluorescent 

product 7-hydroxycoumarin (COH). The arteries were incubated with CBA (20 µM) for 30 

minutes at room temperature. Endothelial COH at 360 nm (CoolLED Ltd, Andover, UK); emitted 

fluorescence was captured at room temperature using a 447/60 nm band-pass filter, Nikon fluor 

40X objective, and Andor electron multiplying charge coupled device camera. The images were 

analyzed using the SparkAn program. The average fluorescence intensity for the whole field was 

compared between the groups. Each data point indicates one field of view. At least three arteries 

were used for each treatment. CBA reacts with peroxynitrite at exponentially faster rates than 

H2O2 and hypochlorous acid. Moreover, the endothelial CBA fluorescence was not altered by 

the presence of PEG catalase (H2O2 decomposer) or taurine. 

Plasmid generation and transfection of HEK293 cells. The coding sequences for murine 

TRPV4 and AKAP150 without the stop codons were amplified from a mouse heart cDNA and the 

coding sequence for EGFP from a commercially available vector. The amplified fragments were 

introduced into a plasmid backbone which contains a CMV promoter for expression and, in 

addition, is suitable for lentivirus production (123), by Gibson assembly. For TRPV4, an in-frame 

FLAG tag was included in the 3'-primer used for amplification. For AKAP150, the EGFP 

sequence was fused to the 3' of the AKPA150 coding region. All constructs were verified by 

sequencing the regions, which had been inserted into the vector backbone; complete plasmid 

sequences are available upon request. Cells were seeded in Dulbecco's Modified Eagle Medium 

with 10% fetal bovine serum (Thermo Fisher Scientific Inc. Waltham, MA, USA) the day prior to 

transfection in a 100 mm dish (7 x 105 cells per dish). Cells were transfected with 15 µg plasmid 

using LipofectamineLTX (Thermo Fisher Scientific Inc. Waltham, MA, USA) as the transfection 

reagent. Patch clamp experiments were conducted 48 hours after transfection. The transfection 

efficiency was tested with AKAP150 or TRPV4 immunostaining. The transfection efficiency with 
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TRPV4 plasmid was ~ 96%, and that with AKAP150 plasmid was ~ 50%. For patch clamp 

experiments, the cells carrying AKAP150 were identified by EGFP fluorescence. Site-directed 

mutagenesis: The mouse AKAP150 sequence inserted into a pLenti CMV GFP plasmid was 

synthesized as described above. For mutagenesis, cysteine to alanine primers were designed 

against residue 36 (C36A) using the QuikChange primer design program, and mutagenesis 

performed using the QuikChange II site-directed mutagenesis kit as per manufacturer 

instructions (Agilent, Stratagene, Santa Clara, CA). Primers for mutations are as follows: forward 

5’ ctttcttccttctcttgaaggcgagtgtggctgtttttctct 3’ and reverse: 5’ 

agagaaaaacagccacactcgccttcaagagaaggaagaaag 3’ (IDT, Coralville, IA). Mutants were 

sequenced (GeneWiz, South Plainfield, NJ), confirmed and maxi prepped for transfection 

studies. Sequencing confirmed the AKAP150C36A mutation.  

Patch Clamp in freshly isolated ECs and HEK293 cells. ECs were freshly isolated from 

thirdorder MAs. Briefly, MAs were digested in dissociation solution (55 mM NaCl, 80 mM 

Naglutamate, 6 mM KCl, 2 mM MgCl2, 0.1 mM CaCl2, 10 mM glucose, 10 mM Hepes, pH 7.3) 

containing Worthington neutral protease (0.5 mg/mL) 60 minutes at 37°C. Collagenase 

(Worthington type 1, 0.5 mg/mL) was added to the enzyme solution after 60 minutes and 

digestion was continued for 2 more minutes. Whole-cell currents were measured at room 

temperature using perforated-patch configuration of whole-cell patch clamp. The bathing solution 

consisted of 10 mM Hepes, 134 mM NaCl, 6 mM KCl, 2 mM CaCl2, 10 mM glucose, and 1 mM 

MgCl2 (adjusted to pH 7.4 with NaOH). Patch electrodes were pulled from borosilicate glass 

(O.D.: 1.5 mm; I.D.: 1.17 mm; Sutter Instruments, Novato, CA, USA) using Narishige PC-100 

puller (Narishige International USA, INC., Amityville, NY, USA) and polished using MicroForge 

MF-830 polisher (Narishige International USA, INC., Amityville, NY, USA). The composition of 

the pipette solution for perforated-patch experiments was 10 mM Hepes, 30 mM KCl, 10 mM 

NaCl, 110 mM K-aspartate, and 1 mM MgCl2 (adjusted to pH 7.2 with NaOH). IK and SK 
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channels currents were obtained by adding 1 µM NS309 (IK/SK channel activator) to the 

superfusate. The pipette resistance was (3–5 ΩM). Currents were recorded by applying 200 ms 

voltage-ramps from −140 mV to +50 mV. The data were acquired using HEKA EPC 10 amplifier 

and PatchMaster v2X90 program (Harvard Bioscience, Holliston, MA, USA). The patch clamp 

data were analyzed using FitMaster v2X73.2 (Harvard Bioscience, Holliston, MA, USA) and 

MATLAB R2018a (MathWorks, Natick, MA, USA). IK/SK channel currents were inhibited by 

adding Tram-34 (IK channel inhibitor, 1 µM) and apamin (SK channel inhibitor, 300 nM) to the 

bath. Current traces in the presence of Tram-34 and apamin were subtracted from the traces in 

the presence of NS309 alone to obtain IK/SK channel currents. The effect of each drug was 

studied 5 minutes after the addition of the drug. Currents through TRPV4 channels in freshly 

isolated ECs were recorded using perforated patch configuration as described earlier (354). 

Ruthenium red (RuR, 1 μM) was applied to block Ca2+ entry through TRPV4 channels, and 

thereby prevent IK and SK channel activation and Ca2+ overload. GSK101-induced outward 

currents through TRPV4 channels were assessed in response to a 200-ms voltage step from -45 

mV to +100 mV. The cells were exposed to GSK101, PN, or GSK219 for 5 minutes before 

recording the currents. For HEK293 cells patch clamp, whole-cell currents were measured at 

room temperature using a conventional whole-cell patch configuration. The bathing solution 

consisted of 10 mM Hepes, 134 mM NaCl, 6 mM KCl, 2 mM CaCl2, 10 mM glucose, and 1 mM 

MgCl2 (adjusted to pH 7.4 with NaOH). The intracellular solution consisted (in mM) 20 CsCl, 100 

Cs-aspartate, 1 MgCl2, 4 ATP, 0.08 CaCl2, 10 BAPTA, 10 Hepes, pH 7.2 (adjusted with CsOH). 

Voltage clamped protocol used was voltage-ramp pulses (-100 mV to +100 mV) applied over 200 

ms with a holding potential of -50 mV. TRPV4 currents were measured before or five minutes 

after the addition of 5 µM peroxynitrite. The effect of TRPV4 inhibitor GSK2193874 (GSK219, 

100 nM) was studied by recording currents before and 5 minutes after addition of GSK219.  
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Quantitative polymerase chain reaction (qPCR). Third-order MAs were removed, placed 

in 500 µL RLT buffer (Qiagen RNeasy Mini Kit, Hilden, Germany) with 5 µL β-mercapto ethanol, 

and homogenized using a Standard Microhomogenizer (PRO Scientific Inc., Oxford, CT, USA). 

For isolation of RNA from endothelial cells, approximately 20 mesenteric arteries from each 

mouse were used. Arteries were digested in a dissociation solution containing (0.5 mg/mL) 60 

minutes at 37°C. Collagenase (Worthington type 1, 0.5 mg/mL) was added to the enzyme 

solution after 60 minutes and digestion was continued for 2 more minutes. Following the 

digestion, endothelial cell sheets were gently pushed out of the arterial wall using fine tips of 1 

mL syringe needles. Isolated endothelial cell sheets were then placed in a patch clamp chamber, 

allowed to settle down for 15 minutes at room temperature, and washed three times with 

enzyme-free dissociation buffer. Endothelial cell sheets were then picked up using a micropipette 

(~ 100 µm tip) under gentle suction, and transferred to a tube with RLT buffer with β-mercapto 

ethanol for RNA isolation. The steps were repeated in order to pick several endothelial cell 

sheets. Approximately 20 sheets were used for each sample. Each sheet has approximately 100 

cells. The purity of endothelial cells was confirmed with FITC-labelled anti-CD31 antibody. The 

RLT buffer (with β-mercapto ethanol and endothelial cell sheets) was snap frozen in liquid 

nitrogen. The samples were thawed, RNA was isolated using a Qiagen RNeasy Mini Kit (Hilden, 

Germany), treated with Invitrogen DNA-free DNA Removal Kit (Waltham, MA), and converted to 

cDNA with Bio-Rad iScript cDNA Synthesis Kit. The qPCR reaction mixes were prepared using 

Bio-Rad 2x SYBR Green Master Mix, 200nM 5’ and 3’ primers, and 20 nM cDNA, then run in a 

Bio-Rad CFX96 qPCR Detection System. Results were analyzed using the ∆∆Ct Method13. 

qPCR primers for TRPV4 and GAPDH (internal control) were ordered from GeneCoepia Inc. 

(Rockville, MD, USA). The remaining qPCR primers included: AKAP150, 5’ 

GACCTCGGGAGCAGAGC, 3’ CTTGAAGCAGAGTGTGGCT; iNOS, 

TTCACCCAGTTGTGCATCGACCTA, 3’ TGGGCTGGGTGTTAGTCTTA; NOX1, 5’ 
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ACCTGCTCATTTTGCAACCGTA, 3’ AGAGATCCATCCATGGCCTGTT, and were ordered from 

Eurofins Genomics (Louisville, KY). 

Measurement of O2 .- production in MAs. Dihydroethidium (DHE, Thermo Fisher Scientific Inc. 

Waltham, MA, USA) was used for detecting O2 .- generation in en face MAs on a SYLGARD 

block. The MAs were incubated with DHE (2 µM) in the dark at 30°C for 30 min. Following the 

incubation, the arteries were washed three times with Hepes PSS, and then fixed in 4% 

paraformaldehyde for 20 minutes at room temperature. Images were acquired using the Andor 

Imaging system described above. Images were obtained along the z-axis at a slice size of 0.05 

µm from the top of the endothelial cells to the bottom of the smooth muscle cells. Endothelial cell 

fluorescence intensity was quantified using custom-made SparkAn software.  

Hypochlorous acid imaging. A selective fluorescent probe (PIS, Millipore Sigma, Burlington, 

MA, USA) (435)15 was used for imaging endothelial hypochlorous acid in non-obese and obese 

mice. The arteries were incubated with PIS for 60 minutes at 30°C. The images were acquired at 

room temperature by exciting PIS at 385 nm and capturing the emitted fluorescence using 

525/36 nm band-pass filter and Andor EMCCD camera.  

Drugs and chemical compounds. Cyclopiazonic acid, GSK1016790A, GSK2193874, 

NS309, apamin, charybdotoxin, tempol, Phorbol 12-myristate 13-acetate, and ML-171 were 

purchased from Tocris Bioscience (Minneapolis, MN, USA). PEG-catalase, L-NNA, CCh, Alexa 

fluor 633 hydrazide, and DAF-FM were procured from Thermo Fisher Scientific Inc. (Waltham, 

MA, USA). gp91 ds – tat was obtained from AnaSpec (Fremont, CA, USA). PN, UA, FeTPPS, 

ML171, and 1400w were purchased from Cayman Chemical (Ann Arbor, MI, USA). All other 

chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA).  

Statistical Analysis. Results are presented as mean ± SEM. N=1 was defined as one artery in 

the imaging experiments (Ca2+ imaging, immunofluorescence, PN/NO/superoxide/hypochlorous 
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acid measurements, PLA, DCP-Rho1), one cell for patch clamp experiments, one mouse for 

blood pressure measurements, one artery for pressure myography experiments, one sparklet 

site for coupling coefficient analysis, and one mouse for qPCR experiments. The data were 

obtained from at least three mice in experiments performed in at least two independent batches. 

All data are shown in graphical form using CorelDraw Graphics Suite X7 (Ottawa, ON, Canada) 

and statistically analysed using GraphPad Prism 8.3.0 (Sand Diego, CA). A power analysis to 

determine group sizes and study power (>0.8) was calculated using GLIMMPSE software (α = 

0.05; >20% change). Using this method, some experiments required n=3, while others required 

n≥4. A Shapiro-Wilk test was performed to determine normality. The data in this article were 

normally distributed; therefore, parametric statistics were performed. Data were analyzed using 

two-tailed, paired or independent t-test (for comparison of data collected from two different 

treatments), one-way ANOVA or two-way ANOVA (to investigate statistical differences among 

more than two different treatments). Tukey correction was performed for multiple comparisons 

with one-way ANOVA, and Bonferroni correction was performed for multiple comparisons with 

two-way ANOVA. Statistical significance was determined as a P value less than 0.05; *P < 0.05, 

** P < 0.01, *** P < 0.05, ## P < 0.01, ### P <0.001 

Ca2+ imaging, Pressure myography, and NO measurements: see Materials and 

Methods for Chapter 3  

2.3 Materials and Methods for Chapter 5 

Animal Protocols.  

All animal protocols were approved by the University of Virginia Animal Care and Use Committee 

(Protocols 4120 and 4051). Male C57BL6/J with normal chow (normal fat diet or NFD: 10% kcal 

fat) or high-fat diet (HFD: 60% kcal fat, Research Diets Inc., New Brunswick, NJ, USA; fed for 14 

weeks starting at 6 weeks of age) were used in the study. Mice were euthanized with 

pentobarbital (90 mg/kg, intraperitoneal) followed by cervical dislocation for harvesting gut 
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tissues. Third-order mesenteric arteries (MAs, ~100 µm) were dissected in cold Hepes-buffered 

physiological salt solution (Hepes-PSS; 10 mM Hepes, 134 mM NaCl, 6 mM KCl, 1 mM MgCl2 

hexahydrate, 2 mM CaCl2 dihydrate, and 7 mM dextrose, pH adjusted to 7.4 using 1M NaOH), 

and cleaned off from the perivascular fat tissue.  

Radiotelemetric blood pressure measurement.  

Continuous blood pressure measurements were performed using Dataquest A.R.T. 20 software 

(Data Sciences International, St. Paul, MN), as described previously3, 4. NFD and HFD mice 

were anesthetized with isoflurane (1.5%) and radiotelemetry catheter (TA11PA-C10, Data 

Sciences International, St. Paul, MN) was implanted in the left carotid artery. The catheter was 

tunneled through to the radiotransmitter, which was placed in a subcutaneous pouch along the 

flank. Before arterial pressure measurements were initiated, mice were allowed to recover for 

seven days after surgery to regain normal circadian rhythms. Baseline systolic, diastolic, and 

mean arterial pressures, and heart rate were recorded continuously over 24 hours (at 1-min 

intervals) following the recovery period. The values over one day (6 AM to 6 PM) and one night 

(6 PM to 6 AM) were averaged to obtain the baseline day- or night-time blood pressures and 

heart rate. Following, NFD and HFD mice were daily treated for 12 days with intraperitoneal 

injection of R7050 (10 mg/kg) (177) (MedChemExpress, NJ, USA) and vehicle (10% DMSO, 

90% Corn Oil). Blood pressure measurements were taken on day 4, 8, and 12 of treatment. The 

experiments were performed in a blinded manner. 

Glucose tolerance test  

Dextrose (1.5 g/kg) was prepared, sterile filtered, and injected intraperitoneal. The glucose 

excursion was monitored over a 2-hour time course and compared between HFD and NFD mice. 

Tein vein blood samples were analyzed by glucometer (OneTouch Ultra Mini) at 0, 15, 45, 60, 
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and 120 minutes following dextrose injection. The cumulative glycemic excursion was evaluated 

as the area under the curve (AUC). 

Plasma samples collection.  

Blood was collected from the inferior vena cava using 3.8% sodium citrate coated needles and 

dispensed into 1.5 mL microcentrifuge tubes with sodium heparin. Tubes were centrifuged at 

2,000g for 15 minutes to isolate plasma. Plasma was then flash frozen in liquid nitrogen and 

stored at -80C until further analysis. Cytokine profiling was performed on isolated plasma by the 

University of Virginia Flow Cytometry Core Facility using a Luminex MAGPIX instrument and the 

mouse pro-inflammatory cytokine kit. 

Flow cytometry.  

Mice were sacrificed using either CO2 or with pentobarbital (90 mg/kg, intraperitoneal) followed 

by cervical dislocation. Second and third order mesenteric arteries (MA) and aortae were isolated 

into ice cold Hepes-buffered physiological salt solution (Hepes-PSS; 10 mM Hepes, 134 mM 

NaCl, 6 mM KCl,1 mM MgCl2hexahydrate, 2 mM CaCl2 dihydrate, and 7 mM dextrose, pH 

adjusted to 7.4 using 1M NaOH). The perivascular tissue was removed from the vessels and the 

vessels were subsequently added to collagenase digestion solution 2 mg/ml (collagenase type 

IV, Worthington LS004189) and digestion buffer composition (55 mM NaCl, 80 mM Naglutamate, 

6 mM KCl, 2 mM MgCl2, 0.1 mM CaCl2, 10 mM glucose, 10 mM Hepes, pH 7.3) Vessels were 

minced in digestion buffer and incubated at 37o C with shaking for 60 minutes for MAs and 80 

minutes for aortae. After digestion, enzymatic activity was stopped with fetal bovine serum (FBS) 

and the cell suspensions were subsequently filtered through a 70 m mesh cell strainer (Fisher 

22-363-548). Cell suspensions were then subjected to red blood cell lysis (Sigma R7757) 

followed by surface staining on ice to identify immune cells (CD45 - Ebio 17-0451-82, Ebio 47-

0451-82, Ebio 45-0451-80, or BioLegend 103116), endothelial cells (VE-Cadherin – BioLegend 
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138105, CD31 – Biolegend 102420, Biolegend 102410) in the presence of Fc receptor blocking 

antibodies (eBioscience 16-0161-85). Cells were additionally stained with Live/Dead Fixable 

Yellow (Thermo L34959). For intracellular staining cells were fixed in 10% formalin overnight at 

4o C. After fixation, cells were permeabilized as per manufacturer instructions (eBiosciences 00-

8333-56). Antibodies targeting intracellular proteins were added in permeabilization buffer on ice 

(Smooth muscle actin – Invitrogen 53-9760-82, TNF – BioLegend – 506318, IL-6 – BioLegend 

504507, IL-1 – Invitrogen – 48-7114-80). Cells were then re-suspended in FACS buffer and 

analyzed by flow cytometry using an Attune NxT flow cytometer (Thermo). 

 

Immunostaining.  

Immunostaining was performed on en face MAs. Briefly, MAs were pinned down en face on 

SYLGARD blocks and fixed with 4% paraformaldehyde at room temperature for 15-min. Fixed 

arteries were washed 3 times for 5 minutes each with phosphate-buffered saline (PBS) solution. 

The arteries were then treated with 0.2% Triton-X PBS for 30-min at room temperature on a 

rocker. Following this step, the arteries were treated with 5% normal donkey serum (Abcam plc, 

Cambridge, MA, USA) one hour at room temperature. Subsequently, MAs were incubated for an 

hour at room temperature with primary antibodies against iNOS, NOX1, TNF,TNFRI, and 

CD45 (Table 1). Following the primary staining, MAs were washed three times with PBS and 

then incubated with secondary antibody (1:500; Alexa Fluor® 568-conjugated donkey anti-rabbit 

Life Technologies, Carlsbad, CA, USA; Alexa Fluor® 647 donkey anti- mouse Abcam 

Cambridge, UK) at room temperature for one hour in the dark room. The MAs were then washed 

three times with PBS. For nuclear staining, MAs were incubated with 0.3 µM DAPI (Invitrogen, 

Carlsbad, CA, USA) for 10-min at room temperature in the dark room. Images were obtained 

using the Andor imaging systems: Andor Revolution WD (with Borealis) spinning-disk confocal 
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imaging system (Andor Technology, Belfast, UK) comprising of an upright Nikon microscope with 

a 60X water dipping objective (numerical aperture 1.0) and an electron multiplying charge 

coupled device camera. Consecutive images were taken along the z-axis at a slice size of 0.2-

µm from the top of the ECs to the bottom of the SMCs. DAPI immunostaining was imaged by 

exciting at 409 nm and collecting the emitted fluorescence with a 447/60-nm band-pass filter. 

Table 1. List of primary antibodies used for immunostaining. 

Protein Company Antibody ID Clonality Concentration 

iNOS Novus 

Biologicals, 

LLC 

NB300-605 Polyclonal 1:500 

NOX1 Novus 

Biologicals, 

LLC 

NBP1-31546 Polyclonal 1:500 

TNF Abcam, UK Ab-1793 Monoclonal 1:200 

TNFRI Abcam, UK Ab-223352 Polyclonal 1:200 

CD45 Santa Cruz 

Biotechnology, 

Inc. 

sc-1178 Monoclonal 1:200 

 

Statistical Analysis. Results are presented as mean ± SEM. N=1 was defined as one artery in 

the imaging experiments (Ca2+ imaging, immunostaining), one artery for pressure myography 

experiments, one mouse for flow cytometry, plasma cytokines levels, and blood pressure 

recording. The data were obtained from at least three mice in experiments performed in at least 

two independent batches. All data are shown in graphical form using CorelDraw Graphics Suite 
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X7 (Ottawa, ON, Canada) and statistically analyzed using GraphPad Prism 8.3.0 (Sand Diego, 

CA). Data were analyzed using two-tailed, paired or independent t-test (for comparison of data 

collected from two different treatments), one-way ANOVA (to investigate statistical differences 

among more than two different treatments). Tukey correction was performed for multiple 

comparisons with one-way ANOVA. Statistical significance was determined as a P value less 

than 0.05. All the P values have been added on the respective figures.  

Ca2+ imaging, Pressure myography, MEPs co-localization analysis: see Material 

and Methods for Chapter 3  
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Chapter 3: Mechanisms for Selective Coupling of Endothelial Ca2+ 

Signals with eNOS or IK/SK Channels in Systemic and Pulmonary 

Arteries 
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3.1 Abstract  

Spatially localized Ca2+ signals activate Ca2+-sensitive intermediate- and small-

conductance K+ (IK and SK) channels in some vascular beds and endothelial nitric oxide 

synthase (eNOS) in others. The goal of this study was to uncover the signaling organization that 

determines selective Ca2+ signal to vasodilatory target coupling in the endothelium. Resistance-

sized mesenteric arteries (MAs) and pulmonary arteries (PAs) were used as prototypes for 

arteries with predominantly IK/SK channel- and eNOS-dependent vasodilation, respectively. Ca2+ 

influx signals through endothelial transient receptor potential vanilloid 4 (TRPV4EC) channels 

played an important role in controlling the baseline diameter of both MAs and PAs. TRPV4EC 

channel activity was similar in MAs and PAs. However, the TRPV4 channel agonist 

GSK1016790A (10 nM) selectively activated IK/SK channels in MAs and eNOS in PAs, revealing 

preferential TRPV4EC-IK/SK channel coupling in MAs and TRPV4EC-eNOS coupling in PAs. 

IK/SK channels co-localized with TRPV4EC channels at myoendothelial projections (MEPs) in 

MAs, but lacked the spatial proximity necessary for their activation by TRPV4EC channels in PAs. 

Additionally, the presence of the NO scavenging protein hemoglobin α (Hbα) within nanometer 

proximity to eNOS limits TRPV4EC-eNOS signaling in MAs. In contrast, co-localization of 

TRPV4EC channels and eNOS at MEPs, and the absence of Hbα, favor TRPV4EC-eNOS coupling 

in PAs. Thus, our results reveal that differential spatial organization of signaling elements 

determines TRPV4EC-IK/SK versus TRPV4EC-eNOS coupling in resistance arteries.  

3.2 Introduction 

Increases in endothelial cell (EC) Ca2+ are known to promote vasodilation and thereby 

reduce vascular resistance and blood pressure. A number of different mechanical stimuli and 

neurohumoral mediators cause vasodilation by increasing EC Ca2+. Intracellular Ca2+ can 

activate multiple vasodilator targets in ECs, including intermediate- and small-conductance K+ (IK 

or SK) channels (34, 37, 199, 263, 381), endothelial nitric oxide synthase (eNOS) (35, 155), and 
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factors that hyperpolarize smooth muscle cells (SMCs) (86). Pressure myography studies in 

resistance-sized arteries have revealed that increases in endothelial Ca2+ cause vasodilation 

mainly via IK/SK channel activation in some vascular beds (14, 82, 199, 302, 354, 381) and 

eNOS activation in other vascular beds (21, 142, 238). Although the activation of IK/SK channels 

and eNOS by Ca2+ has been studied in detail (14, 82, 147, 198, 199, 238, 268, 354, 381), the 

preferential activation of one target versus the other remains unexplained. The majority of 

vascular disorders are associated with a loss of IK/SK channel- or eNOS-dependent vasodilation 

(98, 180, 228, 334). Understanding the molecular basis for preferential coupling of Ca2+ signals 

with IK/SK channel or eNOS is therefore essential for deciphering the selective impairment of 

vasodilatory mechanisms in vascular disorders.     

 Multiple ion channels increase Ca2+ levels in native ECs, including ion channels of the 

transient receptor potential (TRP) family (82, 147, 302, 354, 368) and inositol triphosphate (IP3) 

receptors (14, 141, 199, 241, 392). The TRP vanilloid 4 (TRPV4) channel has emerged as an 

important Ca2+-influx pathway in ECs from systemic and pulmonary resistance arteries (14, 147, 

238, 355). Pharmacological activation of endothelial TRPV4 (TRPV4EC) channels is known to 

dilate systemic and pulmonary arteries (238, 354), and knockout of these channels specifically in 

the endothelium increases resting blood pressure (289). However, whether TRPV4EC channels 

control resting vascular diameter has not been addressed. Interestingly, activation of TRPV4EC 

channels dilates systemic mesenteric (354), cremaster (14), and cerebral arteries (450) via IK/SK 

channel activation, and pulmonary arteries via eNOS activation (238). TRPV4EC channel-induced 

activation of IK/SK channels has been attributed to the localization of TRPV4EC and IK/SK 

channels at myoendothelial projections (MEPs), which provide points of contact between ECs 

and overlying smooth muscle cells (SMCs) (14, 355). However, it is not clear why TRPV4EC 

channels do not activate eNOS in resistance systemic arteries or IK/SK channels in resistance 

pulmonary arteries. Therefore, we hypothesized that spatial proximity of TRPV4EC channels with 
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eNOS or IK/SK channels determines TRPV4-eNOS or TRPV4-IK/SK coupling in native 

endothelium.  

 On the one hand, activation of IK/SK channels causes EC membrane hyperpolarization, 

which is then transmitted to SMCs via myoendothelial gap junctions (MEGJs) in MEPs (76). SMC 

hyperpolarization results in deactivation of L-type Ca2+ channels and vasodilation (182). On the 

other hand, activation of eNOS releases NO, which diffuses to SMCs and causes vasodilation 

via guanylyl cyclase-dependent and -independent mechanisms (55). Interestingly, no patch-

clamp studies have been performed on arteries that exhibit Ca2+-dependent activation of eNOS 

that would lead to the conclusion that IK/SK channels are present and can be activated in these 

arteries. It is similarly unknown whether eNOS is expressed and can be activated by Ca2+ in 

arteries that show selective Ca2+ signal-IK/SK channel coupling. Vasodilator effector molecules 

are a source of endothelial heterogeneity; therefore, it is important to understand the 

fundamental mechanisms that determine differential Ca2+ signal-target coupling in ECs.   

In the current study, we used third-order mesenteric arteries (MAs) as a model for 

TRPV4-IK/SK channel coupling (147, 354, 355), and fourth-order pulmonary arteries (PAs) as a 

prototype for TRPV4-eNOS coupling (238). We provide the first evidence for an essential role of 

TRPV4EC channels in controlling baseline diameter in both MAs and PAs. Functional IK/SK 

channels and eNOS were present in ECs of both MAs and PAs, and TRPV4EC and IK/SK 

channel current densities were similar between MAs and PAs. Stimulation of TRPV4EC channels 

with the specific agonist GSK1016790A (hereafter, GSK101) selectively activated IK/SK 

channels in MAs, where TRPV4EC and IK/SK channels were found to localize at MEPs; in 

contrast, stimulation of TRPV4EC channels selectively activated eNOS in PAs. Moreover, a lack 

of TRPV4EC-eNOS coupling in MAs correlated with co-localization of the NO-scavenging protein 

hemoglobin  (Hb with eNOS in MAs (364) but not in PAs. These results identify novel 
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mechanisms of Ca2+ signal-to-vasodilator-target coupling in ECs, and may explain heterogeneity 

in endothelium-dependent vasodilator mechanisms. 

 3.3 Results 

TRPV4EC channels control baseline diameter in PAs via eNOS activation and in 

MAs via IK/SK channel activation. 

Pharmacological activation of TRPV4EC channels dilates resistance arteries from multiple 

vascular beds (14, 238, 354). However, the role of TRPV4EC channels in regulating baseline 

arterial diameter remains unknown. Unlike MAs, which show robust pressure-induced 

constriction (myogenic tone) at physiological intravascular pressures of 60-80 mm Hg (12), PAs 

have little to no myogenic tone at their physiological pressure of 15 mm Hg. Therefore, to 

investigate the contribution of TRPV4 activity to baseline arterial diameter, we tested the effect of 

the specific TRPV4 inhibitor GSK2193874 (hereafter, GSK219) on baseline diameter in MAs and 

PAs from wild-type (WT) and TRPV4EC
-/- mice pre-constricted with thromboxane receptor agonist 

U46619 (50 nM). GSK219 (100 nM) constricted both PAs and MAs from WT mice, an effect that 

was absent in arteries from TRPV4EC
-/- mice, providing the first evidence for a dilator effect of 

TRPV4EC channels on basal diameter in systemic and pulmonary resistance arteries (Fig. 1A and 

B). Interestingly, GSK219-induced constriction of PAs was abolished by NOS inhibition, which 

had no effect on GSK219-induced constriction of MAs, whereas GSK219-induced constriction of 

MAs was abolished by IK/SK channel inhibition, which had no effect on PAs (Fig. 1C). In MAs 

with myogenic tone, GSK219 caused a constriction similar to that in U46619–pre-constricted 

arteries. This effect was abolished by IK/SK channel inhibition, was unaffected by NOS inhibition 

and was absent in MAs from TRPV4EC
-/- mice (Fig. 1D and E), suggesting that pre-constriction 

with U46619 did not alter TRPV4EC channel-dependent downstream signaling. These results 
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provide the first evidence for the control of basal diameter by TRPV4EC channel–eNOS signaling 

in PAs and by TRPV4EC channel–IK/SK channel signaling in MAs. 

   

Low-level activation of TRPV4EC channels induces IK/SK channel currents in ECs 

from MAs, but not PAs. 

Activation of TRPV4EC channels with relatively low concentrations (10 nM) of the specific 

agonist GSK1016790A (hereafter, GSK101) has been shown to elicit localized Ca2+ influx signals 

through TRPV4EC channels, termed TRPV4EC sparklets, without increasing global Ca2+ levels 

(238, 354). To determine whether TRPV4EC channel activation induces IK/SK currents, we 

performed whole-cell patch-clamp studies in freshly isolated ECs from MAs and PAs treated with 

10 nM GSK101. GSK101 induced robust IK/SK channel currents in ECs from MAs that were 

inhibited by TRAM-34 (IK channel inhibitor, 1 M) + apamin (SK channel inhibitor, 300 nM) (Fig. 

2A and B). In sharp contrast, GSK101 failed to evoke IK/SK channel currents in ECs from PAs 

(Fig. 2A and B). This absence of an effect of GSK101 was not attributable to decreased IK/SK 

expression in PAs, since direct activation of IK/SK channels with NS309 (1 M) induced similar 

IK/SK channel current densities in ECs from MAs and PAs (Fig. 2C and D). These results 

provide the first direct evidence of functional IK/SK channels in native ECs from resistance PAs 

and suggest that TRPV4EC sparklet–IK/SK channel coupling occurs in resistance MAs, but not in 

resistance PAs.    
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Whole-cell increases in intracellular Ca2+ activate IK/SK channel currents in 

pulmonary ECs. 

IK/SK channels are primarily activated by increases in intracellular Ca2+ (200). Both IK 

and SK channels possess a calmodulin (CaM)-binding site, and Ca2+/CaM binding to this site 

induces a conformational change that opens the channel pore (94, 200). To verify that IK/SK 

channels in PAs are not sensitive to Ca2+/CaM-induced activation, we assessed IK/SK channel 

activity in ECs in response to increased whole-cell Ca2+ levels, induced using a high 

concentration of GSK101 and by increasing the concentration of free Ca2+ in the patch pipette. At 

a low concentration (10 nM), GSK101 induced spatially restricted TRPV4EC sparklet activity but 

did not alter whole-cell Ca2+ fluorescence (Fig. 2E and F). In contrast, excessive TRPV4 channel 

activation with 100 nM GSK101 increased whole-cell Ca2+ fluorescence intensity in both PAs and 

MAs (Fig. 2E and F). These whole-cell increases in endothelial Ca2+ correlated with an increase 

in IK/SK channel currents in PAs (Fig. 2G), suggesting that whole-cell increases in Ca2+ can 

activate IK/SK channels in PAs. The Ca2+-sensitivity of IK/SK channels in ECs from PAs was 

further tested using the conventional whole-cell patch-clamp configuration under conditions in 

which the concentration of free Ca2+ in the patch pipette was increased to 3 M to cause 

maximal Ca2+-dependent activation of IK/SK channels. Under these conditions, the density of 

IK/SK channel currents was similar between ECs from PAs and MAs (Fig. 2H and I). These 

results confirm that increases in intracellular Ca2+ can activate IK/SK channels in ECs from PAs 

and that the maximum density of IK/SK channel currents is similar in ECs from resistance PAs 

and MAs. 

 

ECs from MAs and PAs show similar TRPV4EC channel activity. 

Lower expression/activity of TRPV4EC channels could be one possible explanation for the 

lack of GSK101-induced IK/SK channel currents in PAs. We addressed this possibility by 
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recording currents through TRPV4EC channels in ECs from MAs and PAs and by recording the 

activity of TRPV4EC sparklets in en face preparations of MAs and PAs. Outward currents through 

TRPV4EC channels were recorded in the presence of GSK101 (10 nM) and ruthenium red (RuR, 

1 M), the latter of which blocks Ca2+ influx at negative voltages, preventing Ca2+ overload and 

Ca2+-dependent activation of IK/SK currents (354). The remaining outward currents were 

inhibited by the selective TRPV4 channel inhibitor GSK219 (Fig. 3A). GSK101 induced 

comparable GSK219-sensitive outward currents in ECs from MAs and PAs, suggesting similar 

TRPV4EC channel activity in these arteries (Fig. 3A and B). Furthermore, recordings of 

elementary Ca2+ influx through TRPV4EC channels (TRPV4EC sparklets) in the intact endothelium 

of MA and PA en face preparations in the absence or presence of the TRPV4EC channel activator 

GSK101 (0, 3, 10 nM) showed that TRPV4EC sparklet activity was similar between PAs and MAs 

(Fig. 3C–E). Spatial localization analysis confirmed that TRPV4EC sparklet activity was higher at 

MEPs than non-MEP sites in both PAs and MAs (Fig. 3F), and that overall TRPV4EC sparklet 

activity was similar between PAs and MAs at both MEP and non-MEP locations. These data 

suggest that TRPV4EC channel activity is similar between PAs and MAs and confirm that the 

absence of TRPV4EC-IK/SK channel coupling in PAs is not attributable to diminished TRPV4EC 

channel activity.  

 

TRPV4EC channels signal through eNOS activation to dilate PAs and through IK/SK 

channel activation to dilate MAs. 

Previous studies have shown that TRPV4EC channel activation causes endothelium-

dependent dilation of resistance MAs and PAs (238, 354). Studies using the fluorescent NO 

indicator DAF-FM showed that TRPV4 channel activation with GSK101 (10 nM) increased 

endothelial NO levels in PAs, but not MAs (Fig. 4A and B). Moreover, GSK101-induced NO 

release was absent in PAs from eNOS-/- mice, confirming operation of the TRPV4EC-eNOS-NO 



82 
 

pathway in these arteries (Fig. 4A and B). In pressurized PAs, vasodilation induced by GSK101 

(3-30 nM) was completely abolished by NOS inhibition with L-NNA and was not affected by 

inhibition of IK/SK channels (Fig. 4C and D). In contrast, GSK101-induced dilation of MAs was 

largely abolished by IK/SK channel inhibition with TRAM-34 + apamin, but was unaffected by 

NOS inhibition with L-NNA (Fig. 4C and D). The direct IK/SK channel activator NS309 caused 

dilation of both PAs and MAs, indicating that communication via myoendothelial junctions occurs 

in both vascular beds (Fig. 4E). These results, together with our previous demonstration that 

TRPV4EC channel-induced vasodilation is absent in PAs from eNOS-/- mice (238), support 

vasodilatory TRPV4EC-eNOS coupling in PAs (but not in MAs) and TRPV4EC-IK/SK channel 

coupling in MAs (but not in PAs).   

 

TRPV4EC and IK/SK channels localize at MEPs in MAs but not in PAs.  

The activation of IK/SK channels in pulmonary ECs by whole-cell increases in Ca2+, but 

not by TRPV4EC sparklets, suggests that the spatial proximity between TRPV4EC channels and 

IK/SK channels necessary for local coupling of TRPV4EC sparklets to IK/SK channels is altered in 

pulmonary ECs. To test whether the spatial proximity of TRPV4EC channels with eNOS in PAs 

and with IK/SK channels in MAs determines the specific TRPV4EC sparklet-target coupling, we 

immunohistochemically assessed co-localization of TRPV4EC channels with eNOS and IK/SK 

channels in PAs and MAs. TRPV4EC channels localized mainly at MEPs in PAs and MAs, and 

almost all MEPs in both vascular beds showed TRPV4EC channel expression (Fig. 5A–D), 

consistent with the localization of TRPV4EC sparklets. While the majority of IK and SK channels 

were localized to MEPs in MAs, only a small fraction of these channels were found at MEPs in 

PAs, suggesting that IK and SK channels do not co-localize with TRPV4EC channels at MEPs in 

PAs. Interestingly, ~50% of MEPs showed robust eNOS staining in both PAs and MAs, 

suggesting close proximity of TRPV4EC with eNOS in both arteries (Fig. 5A–D). We also detected 
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eNOS expression at other locations, possibly indicating Golgi/ER localization, as previously 

reported (Fig. 5A) (107, 122, 333). These results support the concept that the absence of 

TRPV4EC-IK/SK channel coupling in PAs is attributable to the lack of spatial proximity between 

TRPV4EC and IK/SK channels, but do not explain the preferential TRPV4EC-eNOS signaling in 

PAs and its absence in MAs. 

 

 

Hemoglobin  (Hb localizes with eNOS at MEPs in MAs but not in PAs.  

To more precisely compare eNOS levels between PAs and MAs, we studied eNOS 

expression using western blotting. The expression of eNOS protein was not different between 

PAs and MAs (Fig. 6A), suggesting that regulation of eNOS activity, rather than its expression, 

underlies the differential contribution of eNOS in PAs and MAs. Because Hb has been shown to 

interact with eNOS and scavenge NO, thereby limiting NO bioavailability (172, 344, 364), we 

hypothesized that Hb limits the role of eNOS-NO signaling in MAs. Immunostaining studies 

showed minimal expression of Hb in ECs from PAs but confirmed strong expression and 

localization of Hb at MEPs in MAs (Fig. 6B-D). Additionally, proximity ligation assays (PLAs) 

confirmed nanometer proximity between eNOS and Hb in MAs, but not in PAs (Fig. 6E and F). 

These results support the concept that the presence of Hb close to eNOS may be responsible 

for limiting the role of eNOS in MAs. Inhibiting NOS with L-NNA caused a ~12% constriction in 

PAs but did not affect the diameter of MAs (Fig. 6G). HbX, a peptide that inhibits the interaction 

of Hb with eNOS, (172, 344, 363), was used to determine whether Hb-eNOS interactions limit 

the role of eNOS in MAs; a scrambled control peptide (Scr X) was used as a control. Both HbX 

and Scr X possess a tat tag, which has previously been shown to render  these peptides cell 

permeable (172, 344, 363). Strikingly, MAs treated with HbX were capable of constricting in 

response to L-NNA, suggesting that Hb and eNOS normally interact in these arteries and that 
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disruption of Hb-eNOS interactions with HbX disinhibited TRPV4EC-eNOS signaling. 

Consistent with this, L-NNA was unable to constrict MAs in the presence of Scr X. Neither HbX 

nor Scr X affected L-NNA–induced constriction of PAs (Fig. 6G), supporting the conclusion that 

Hb and eNOS do not normally interact in these cells. Interestingly, GSK101-induced increases 

in NO levels were enhanced in MAs in the presence of HbX, but were unaffected by HbX in 

PAs (Fig. 6H). Additionally, the increase in NO in the presence HbX was absent in MAs from 

eNOS-/- mice, supporting the eNOS-specific nature of the HbX effect in MAs. These results 

confirm that the spatial proximity of TRPV4EC channels with IK/SK/eNOS and of eNOS with Hb 

determines the vasodilatory signaling target of TRPV4EC channels in resistance arteries (Fig. 7). 

3.4 Discussion 

Heterogeneity in endothelial vasodilatory mechanisms is well known; however, the 

preferential activation of one vasodilatory pathway over others remains poorly understood. 

Pressure myography studies have shown that IK/SK channel-induced hyperpolarization is the 

predominant mechanism for dilation of systemic resistance arteries (14, 82, 199, 302, 354, 368, 

381, 392), whereas Ca2+ signal-eNOS coupling dominates in resistance PAs (238). The current 

study advances our understanding of heterogeneity in endothelial vasodilatory pathways via 

three main findings: 1) TRPV4EC channels control the basal diameter of resistance PAs and MAs; 

2) although functional IK/SK channels and eNOS are present in ECs from both PAs and MAs, 

TRPV4EC channels preferentially activate eNOS in PAs and IK/SK channels in MAs; and 3) 

spatial proximity of TRPV4EC channels with IK/SK channels or eNOS and that of eNOS with Hb 

determines the vasodilatory target activated by TRPV4EC channels. Moreover, the dilatory effect 

of TRPV4EC channels on baseline diameter may underlie the higher resting blood pressure in 

TRPV4EC
-/- mice (289). Distinct factors regulate systemic and pulmonary arterial pressures; 

therefore, understanding the different mechanisms that control endothelial function in systemic 
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and pulmonary microcirculations is a crucial first step in achieving selective regulation of one 

versus the other. Additionally, many cardiovascular disorders have been associated with 

selective impairment of either eNOS-mediated or IK/SK channel-mediated vasodilation (103, 

180, 228, 334, 355). Spatial uncoupling of TRPV4EC channels from IK/SK channels or eNOS, or 

of eNOS and Hbcan be explored as a potential mechanism for endothelial dysfunction in 

vascular disorders. 

Although IK/SK channel currents have been reported in cultured pulmonary ECs (210), 

whether functional IK/SK channels are present in native ECs from the pulmonary circulation had 

remained unknown. Our results represent the first recordings of IK/SK channel currents in freshly 

isolated ECs from resistance PAs. Moreover, vasodilation in response to direct IK/SK channel 

activation (Fig. 4E) provides functional evidence for endothelial-to-smooth muscle 

communication via MEGJs in PAs. It is important to note that the number of functional IK/SK 

channels per EC is comparable between MAs and PAs. While TRPV4EC channel-dependent 

activation of IK/SK channels in PAs requires whole-cell increases in endothelial Ca2+, localized 

TRPV4EC sparklets are sufficient to activate IK/SK channels in MAs. These findings, together 

with immunostaining results showing that IK/SK channels localize at MEPs in MAs but not in PAs 

(Fig. 5A-D), suggest that the absence of TRPV4EC-IK/SK channel coupling in PAs is attributable 

to the lack of proximity between TRPV4EC and IK/SK channels.   

TRPV4EC sparklets do not couple with IK/SK channels in PAs, which begs the question: 

what is the role of endothelial IK/SK channels in PAs? IK/SK channels may be activated by 

another localized Ca2+ signal in PAs, possibly pointing to a physiological stimulus–Ca2+ signal-

IK/SK channel linkage that is unique to PAs. The exact physiological stimulus or Ca2+ signal that 

activates IK/SK channels in PAs remains unknown. Pulmonary arterial pressure (PAP) is 

regulated by a plethora of factors, and there is likely to be some redundancy in the mechanisms 

that can maintain PAP homeostasis. The presence of IK/SK channels in the PA endothelium 
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could be a redundant mechanism that comes into play in response to pathological stimuli. eNOS 

regulates basal PA diameter (Fig. 4C and D) and resting PAP (90, 238), and NO signaling is 

known to be impaired in pulmonary vascular disorders, including pulmonary arterial hypertension 

(PAH) (180). Interestingly, it has been shown that expression of endothelial Hbα is increased in 

pulmonary hypertension, which may explain the loss of NO signaling (8). A reasonable 

speculation is that a change in the localization of IK/SK channels at MEPs can, to a certain 

extent, offset the loss of NO signaling under pathological conditions.  

Pressure myography studies are thought to more closely resemble physiological 

conditions compared with wire myography or tension recording studies (36, 92, 164, 331). 

Indeed, profound differences in endothelial vasodilatory pathways have been observed between 

pressure myography and wire-myography/tension recording experiments (26). Resistance-sized 

systemic arteries are known to develop pressure-induced constriction (myogenic tone) (16, 65)—

a physiological autoregulatory mechanism. Because all MAs developed myogenic tone at 80 

mmHg and only a small fraction of PAs showed myogenic tone at their physiological pressure of 

15 mmHg, vascular reactivity was studied under conditions in which both MAs and PAs were 

pre-constricted with U46619. GSK219-induced, IK/SK channel-dependent constriction was 

similar in MAs with myogenic tone and those pre-constricted with U46619. Moreover, previous 

studies in pressurized MAs have shown that the IK/SK channel-dependent nature of TRPV4EC 

channel-induced vasodilation is preserved in the presence of U46619 (238). Thus, it can be 

assumed that the presence of U46619 alone did not affect the downstream targets of TRPV4EC 

channels.  

 Anchoring proteins that influence the activity of TRPV4 channels, IK/SK channels, and 

eNOS may also contribute to the heterogeneity of vasodilatory endothelial signaling. For 

example, the activity of TRPV4EC channels at MEPs is enhanced by A kinase anchoring protein 

150 (AKAP150) in MAs (355); however, AKAP150 is not detected in ECs from PAs (238). The 
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activity of TRPV4EC channels in PAs is likely controlled by other scaffolding proteins. In this 

regard, caveolin-1 (Cav-1), a crucial protein in the pulmonary circulation, has been shown to 

interact with both TRPV4 channels and eNOS in ECs (117, 318); (19, 52, 167). The possibility 

that Cav-1–enriched membrane invaginations provide a signaling scaffold for TRPV4EC-eNOS 

signaling in PAs remains to be tested.  

The mechanisms underlying the differential spatial coupling between TRPV4EC channels 

and IK/SK channels or eNOS, and between eNOS and Hb are not known. Compared to 

systemic resistance arteries, pulmonary resistance arteries are exposed to a lower pressure, 

higher flow, and a lower dissolved oxygen content. It is plausible that chronic exposure to vastly 

different environments ultimately results in the differential signaling organization observed in this 

study. Moreover, the functional consequences of differential coupling of TRPV4EC channels with 

eNOS or IK/SK channels are not known. In PAs, TRPV4EC channel-induced NO was shown to 

limit TRPV4EC sparklet activity (NPO per site) (238). This NO-dependent negative feedback loop 

was absent in MAs, and inhibition of IK/SK channels did not alter the activity of TRPV4EC 

sparklets in MAs (0.048  0.003 and 0.054  0.04 in the presence of 3 nM GSK101 before and 

after the addition of TRAM-34 and apamin; n=3, P=0.098), possibly reflecting tighter regulation of 

TRPV4EC channel activity and its functional consequences in the pulmonary microcirculation.   

One of the limitations of our study is that it used autofluorescence of the IEL as a marker 

of endothelial projections. While this commonly used approach allows localization analyses of 

Ca2+ signals and proteins, it should be noted that the presence of a hole in the IEL is not a direct 

indicator of the presence of MEGJs. Other matrix proteins, including collagen, fibronectin and 

laminin, may be present in the areas of the IEL that lack elastin, potentially complicating 

localization analyses. Our automatic detection of co-localization suggested that ~90% of holes in 

the IEL are sites of TRPV4EC channel co-localization, supporting the presence of endothelial 
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projections in most of the holes. However, the lengths of endothelial projections inside these 

holes, and the percentage of projections that go on to form MEGJs, is not known.   

In conclusion, our results demonstrate that selective TRPV4EC channel-IK/SK channel 

coupling in resistance MAs is made possible by the spatial proximity of TRPV4EC channels with 

IK/SK channels and by the presence of Hb which serves to limit eNOS-NO signaling (Fig. 7). In 

contrast, preferential TRPV4EC channel-eNOS signaling in PAs can be explained by the spatial 

proximity between TRPV4EC channels and eNOS, the absence of Hband the lack of proximity 

between TRPV4EC channels and IK/SK channels in this vascular bed. Thus, our studies reveal 

the unique spatial organizations that underlie endothelial heterogeneity in vasodilatory signaling 

pathways. Notable in this context, systemic hypertension has been associated with a loss of 

IK/SK-channel dependent vasodilation in MAs (186, 355), whereas pulmonary hypertension has 

been associated with a loss of eNOS-mediated vasodilation in PAs (180). Impaired Ca2+ signal-

target coupling may provide a potential mechanism for endothelial dysfunction in vascular 

disorders.  
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Figure 1. TRPV4EC channels control resting diameter in resistance PAs and MAs. 
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Figure 1. A, representative diameter traces showing effects of the TRPV4 channel inhibitor 

GSK219 (100 nM) on PAs (left) and MAs (right) isolated from WT and TRPV4EC
-/- mice, and on 

WT PAs and MAs in the presence of IK/SK channel inhibitors (1 M TRAM-34, 300 nM apamin) 

or NOS inhibitor L-NNA (100 M). Fourth‐order PAs (pressurized to 15 mm Hg) and third‐order 

MAs (pressurized to 80 mm Hg) were pre-constricted with the thromboxane analog U46619 

(50 nM). B, percentage GSK219 (100 nM)-induced constriction of PAs and MAs isolated from 

WT and TRPV4EC
-/- mice (n=5; one-way ANOVA). C, percentage GSK219 (100 nM)-induced 

constriction of PAs and MAs in the presence of IK/SK channel inhibitors (1 M TRAM-34 + 300 

nM apamin) or NOS inhibitor (100 M L-NNA) (n=5; one-way ANOVA). D, representative 

diameter traces of GSK219-induced constriction of MAs with myogenic tone in the absence (left) 

and presence (right) of IK/SK channel inhibitors. E, percentage GSK219 (100 nM)-induced 

constriction of MAs with myogenic tone in the presence of IK/SK channel inhibitors or NOS 

inhibitor in WT mice, or in MAs from TRPV4EC
-/- mice (n=5-7; one-way ANOVA). The vehicle itself 

(DMSO) did not alter the diameter of PAs and MAs (n=5; t-test, paired; P=0.5349 for PAs and 

0.6079 for MAs).  
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Figure 2. Whole-cell, but not localized, increases in intracellular Ca2+ activate 

IK/SK currents in PAs. 
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Figure 2. A, representative traces for ionic currents in freshly isolated ECs from MAs and PAs 

under baseline conditions, in the presence of GSK101 (10 nM), and GSK101 + TRAM-34 (1 

M)/apamin (Apa, 300 nM), recorded in the perforated-patch configuration. B, current density 

plot of outward currents at 0 mV under baseline conditions, in the presence of GSK101 (10 nM), 

and GSK101 + TRAM-34/apamin (n=5; t-test, unpaired). C, representative traces for ionic 

currents under baseline conditions, in the presence of NS309 (1 M), and NS309 + TRAM-

34/apamin in ECs from MAs and PAs in the perforated-patch configuration. D, current density 

plot of outward currents at 0 mV under baseline conditions, in the presence of NS309, and 

NS309 + TRAM-34/apamin (n=7; t-test, unpaired). E, grayscale images of en face preparations 

of PAs and MAs loaded with Fluo-4AM before (left) and after the addition of GSK101 (100 nM) 

(right). F, averaged whole-cell Fluo-4AM fluorescence in ECs from PAs and MAs before 

(Baseline) and after the addition of GSK101 (10 and 100 nM, n=5, one-way ANOVA). G, 

representative traces for baseline currents and GSK101 (100 nM)-activated, TRAM-34 (1 

M)/apamin (300 nM)-sensitive IK/SK channel currents in freshly isolated ECs from PAs in the 

perforated patch-clamp configuration. H, representative traces of TRAM-34/apamin-sensitive 

IK/SK currents evoked by 3 M free Ca2+ in freshly isolated ECs from PAs and MAs in the whole-

cell configuration. I, density plots for outward currents at 0 mV under baseline conditions, and 

TRAM-34/apamin-sensitive IK/SK channel currents activated by GSK101 (100 nM) or 3 M free 

Ca2+ (n=5; one-way ANOVA).  
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Figure 3. GSK101 induces similar TRPV4EC channel activity in ECs from MAs and 

PAs. 

 

Figure 3. A, representative traces for GSK101 (10 nM)-induced outward TRPV4EC currents in 

freshly isolated ECs from PAs (left) and MAs (right). Application of the TRPV4 channel inhibitor 
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GSK219 (100 nM) attenuated TRPV4EC currents. TRPV4EC currents were evoked by a 200-ms 

pulse from -50 mV to +100 mV. Ruthenium red (1 M) was present throughout the experiment to 

inhibit Ca2+-induced IK/SK channel currents and prevent Ca2+ overload. B, scatter plot showing 

GSK101-induced outward currents at +100 mV, and inhibition by GSK219 (n=5; one-way 

ANOVA). C, representative images for en face preparations of PAs (left) and MAs (right) loaded 

with Fluo-4AM and counterstained with Alexa Fluor 633 hydrazide (10 M). TRPV4EC sparklet 

sites localized at holes in the IEL were indicative of MEPs. D, representative F/F0 traces for 

TRPV4EC sparklets in PAs (left) and MAs (right) in the presence of 10 nM GSK101, to activate 

TRPV4EC channels, and cyclopiazonic acid (CPA, 20 M), to eliminate Ca2+ release from 

intracellular stores. E, baseline (CPA alone) and GSK101 (3 and 10 nM)-induced TRPV4EC 

sparklet activity in PAs and MAs, expressed as NPO per site, where N is the number of channels 

and PO is open state probability (n=5; one-way ANOVA). F, GSK101 (3 nM)-induced TRPV4EC 

sparklet activity at MEP and non-MEP sites in PAs and MAs (n=5-13, one-way ANOVA).  
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Figure 4. TRPV4EC channels act through IK/SK channel activation to dilate MAs 

and through eNOS-NO signaling to dilate PAs. 
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 Figure 4. A, representative images for DAF‐FM fluorescence in ECs of PAs and MAs under 

basal conditions (left) and in the presence of the TRPV4 channel agonist GSK101 (10 nM) 

(right). B, averaged DAF‐FM fluorescence in ECs from PAs and MAs of WT and eNOS-/- mice in 

the absence or presence of 10 nM GSK101 (n=5, one-way ANOVA). C, representative diameter 

traces for GSK101 (3-30 nM)-induced dilation of PAs (left) and MAs (right) pre-constricted with 

the thromboxane analog U46619 (50 nM), and effects of TRAM-34 (1 M) + apamin (300 nM) 

and the NOS inhibitor L-NNA (100 M). Third‐order MAs were pressurized to 80 mm Hg, and 

fourth‐order PAs were pressurized to 15 mm Hg. D, percent dilation of PAs (left) and MAs (right) 

in response to GSK101 (3-30 nM) under control conditions, in the presence of TRAM-34 + 

apamin, and in the presence of L-NNA (n=5, P value vs Control, two-way ANOVA). E, scatter 

plot for NS309 (1 M)-induced dilation of PAs and MAs (n=6-7; t-test, unpaired).  
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Figure 5. TRPV4EC-IK/SK channels localize at MEPs in MAs but not in PAs. 
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Figure 5. A, representative merged images from en face preparations of fourth-order PAs (left) 

and third-order MAs (right) showing IEL autofluorescence (green) and TRPV4EC, IK, SK, or 

eNOS immunofluorescence (red). Black holes represent MEPs. Traces under each image 

indicate representative fluorescence intensity plot profiles for 0.2-m-thick lines across MEPs. 

Green line, IEL; red line, protein of interest; gray rectangles, MEPs. White arrows in the inset 

images indicate eNOS localization at MEPs; scale= 10 m. B, representative antibody control 

images for IK and SK channel antibodies (using blocking peptides in MAs) and eNOS antibody 

(PAs from eNOS-/- mice). TRPV4 antibody has previously been validated using TRPV4EC
-/- mice 

(289). C, percent of MEPs localized with immunofluorescence (n=6; one-way ANOVA). D, 

percentage of immunofluorescence staining localized with MEPs (n=5-9; one-way ANOVA).  
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Figure 6. Hbα co-localizes with eNOS at MEPs in MAs but not in PAs. 

 



100 
 

Figure 6. A, Western blot (left) and densitometric analysis (right) of eNOS levels showing similar 

eNOS expression in both MAs and PAs (n=4; t-test, unpaired). B, representative merged images 

from en face preparations of PAs (left) and MAs (right) showing IEL autofluorescence (green) 

and Hbα immunofluorescence (red). Black holes represent MEPs. Traces under each image are 

fluorescence intensity plot profiles for 0.2-m-thick lines across MEPs. Green line, IEL; red line, 

protein of interest. C, percent of MEPs localized with red immunofluorescence (left) (n=5; t-test, 

unpaired) and percentage of total immunofluorescence (red) staining at MEPs (right) (n=5-8, t-

test, unpaired). D, representative Hb immunostaining image from an antibody control 

experiment using a blocking peptide in MA. E, representative PLA merged images showing EC 

nuclei (blue) and red puncta for eNOS:Hb co-localization in en face preparations of PAs (left) 

and MAs (right). F, quantification of eNOS:Hbα PLA puncta in PAs and MAs (n=8-9; t-test, 

unpaired). G, percent constriction to L-NNA (100 M) in the absence or presence of the control 

scrambled peptide Scr X (5 M) or inhibitory peptide HbX (5 M) in PAs and MAs (n=5; one-

way ANOVA). H, averaged fold increase in GSK101 (10 nM)-induced DAF-FM fluorescence in 

the presence or absence of HbX (5 M) in PAs and MAs from WT mice and in MAs from eNOS-

/- mice (n=5, one-way ANOVA). 
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Figure 7. Schematic depicting the mechanisms underlying preferential TRPV4EC 

sparklet-eNOS versus TRPV4EC sparklet-IK/SK channel coupling in resistance PAs 

and MAs. 

 

Figure 7. Endothelial projections to SMCs in PAs and MAs are shown. EC: endothelial cell; 

eNOS: endothelial nitric oxide synthase; NO: nitric oxide; SMC: smooth muscle cell; TRPV4EC: 

endothelial cell transient receptor potential vanilloid 4 channel; IK/SK: intermediate and small 

conductance Ca2+-sensitive K+ channels; Hbα: hemoglobin alpha; MEP: myoendothelial 

projection. 

 

 

 

 



102 
 

 

 

 

 

 
Chapter 4: Local Peroxynitrite Impairs Endothelial Transient 

Receptor Potential Vanilloid 4 (TRPV4) Channels and Elevates 

Blood Pressure in Obesity 
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4.1 Abstract  

Impaired endothelium-dependent vasodilation is a hallmark of obesity-induced hypertension. The 

recognition that Ca2+ signaling in endothelial cells promotes vasodilation has led to the hypothesis 

that endothelial Ca2+ signaling is compromised during obesity, but the underlying abnormality is 

unknown. In this regard, TRPV4 ion channels are a major Ca2+ influx pathway in endothelial cells, 

and regulatory protein AKAP150 enhances the activity of TRPV4 channels. We show that Ca2+ 

influx through TRPV4 channels at myoendothelial projections (MEPs) to smooth muscle cells 

decreases resting blood pressure in non-obese mice, a response that is diminished in obese mice. 

Counterintuitively, release of the vasodilator molecule NO attenuated endothelial TRPV4 channel 

activity and vasodilation in obese animals. Increased activities of iNOS and NOX1 enzymes at 

MEPs in obese mice generated higher levels of NO and superoxide radicals, resulting in increased 

local peroxynitrite formation and subsequent oxidation of the regulatory protein AKAP150 at 

cysteine 36, to impair AKAP150-TRPV4 channel signaling at MEPs. Strategies that lowered 

peroxynitrite levels prevented cysteine 36 oxidation of AKAP150, and rescued endothelial 

AKAP150-TRPV4 signaling, vasodilation, and blood pressure in obesity. Importantly, peroxynitrite-

dependent impairment of endothelial TRPV4 channel activity and vasodilation was also observed 

in the arteries from obese patients. These data suggest that a spatially restricted impairment of 

endothelial TRPV4 channels contributes to obesity-induced hypertension, and imply that inhibiting 

peroxynitrite might represent a strategy for normalizing endothelial TRPV4 channel activity, 

vasodilation, and blood pressure in obesity. 

 

4.2 Introduction  

According to the World Health Organization, the incidence of obesity worldwide has 

nearly tripled since 1975, affecting ~650 million adults in 2016(285). Obesity has become a life-

threatening health concern and a major risk factor for cardiovascular disease, including 



104 
 

hypertension and stroke(67, 133). Loss of endothelium-dependent vasodilation is commonly 

observed in human patients(38, 325) and animal models of obesity(39, 190), and is thought to be 

a major contributor to obesity-induced hypertension(67). Therefore, identifying the molecular 

mechanisms of obesity-induced endothelial dysfunction may help to realize new strategies for 

therapeutic intervention that offer the promise of improved global health. 

Endothelial cell (EC) Ca2+ signaling is a key regulator of vascular function(290). In small, 

resistance arteries, spatially localized Ca2+ signals cause endothelium-dependent vasodilation 

and diminished vascular resistance(14, 147, 368). These Ca2+ signals can occur through Ca2+ 

release from the endoplasmic reticulum (ER) and/or Ca2+ influx through ion channels at the EC 

membrane. Notably, elementary Ca2+-influx signals through endothelial transient receptor 

potential vanilloid 4 (TRPV4EC) channels localized at EC projections to smooth muscle cells 

(SMCs), termed myoendothelial projections (MEPs), activate nearby Ca2+-sensitive, 

intermediate- or small-conductance K+ (IK and SK, respectively) channels to hyperpolarize the 

EC plasma membrane(290). This hyperpolarization is subsequently transmitted to surrounding 

SMCs via myoendothelial gap junctions (MEGJs) that electrically couple ECs and SMCs(76, 

323). SMC hyperpolarization, in turn, inactivates voltage-dependent Ca2+ channels to attenuate 

Ca2+ influx, resulting in vasodilation. Importantly, TRPV4EC channels exhibit cooperative gating, 

an effect that is enhanced for channels localized to MEP sites. A-kinase anchoring protein 150 

(AKAP150), which anchors protein kinase C (PKC) and protein kinase A (PKA)(66, 96) and is 

preferentially localized to MEPs in resistance arteries(355), is a crucial enhancer of TRPV4 

channel activity in multiple cell types(246, 355). However, whether the endothelial AKAP150 

(AKAP150EC)-TRPV4EC signaling cascade exerts a tonic influence on resting blood pressure, and 

how this cascade might operate in obesity, remain unknown. 

Resistance arteries control the blood pressure, however, the mechanisms for obesity-

induced endothelial dysfunction in resistance arteries remain unknown.  In large conduit arteries, 
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obesity is associated with excessive formation in ECs of reactive oxygen species (ROS), 

including the superoxide radical (O2
.-)(227, 346). This abnormality, together with the finding of 

elevated vascular inducible nitric oxide synthase (iNOS) activity(276, 350), may catalyze the 

reaction of O2
.- with nitric oxide (NO) to form peroxynitrite (PN)(307), which has been linked to 

endothelial dysfunction in conduit arteries(32, 42).  Thus, the common vasodilator molecule NO 

may have deleterious effects on vasodilation and blood pressure in obesity via PN formation.  

Here, we postulated that PN impairs endothelial AKAP150EC-TRPV4EC signaling at MEPs 

to curtail endothelium-dependent vasodilation and elevate blood pressure in obesity. Using newly 

developed endothelium-specific AKAP150 (AKAP150EC
-/-) and TRPV4 (TRPV4EC

-/-) knockout 

mice, we provide the first evidence for a role of AKAP150EC-TRPV4EC channel signaling in 

modulating resting blood pressure. Moreover, PN formation at the MEPs underlies the specific 

impairment of AKAP150EC-TRPV4EC channel signaling in obesity, which contributes to obesity-

induced loss of endothelium-dependent vasodilation and elevated blood pressure. Spatially 

localized PN targets AKAP150EC to decrease Ca2+ influx through TRPV4EC channels in obesity, 

an abnormality that is reversed by PN and O2
.- inhibitors. Our studies implicating dysregulated 

TRPV4EC channels in defective endothelium-dependent vasodilation in obesity provide a 

rationale for designing PN-based therapeutics to restore TRPV4EC channel function and 

normalize blood pressure in obese individuals. 
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4.3 Results  

Endothelium-specific TRPV4- and AKAP150-knockout mice show elevated blood 

pressure. 

AKAP150 enhances TRPV4 channel activity via PKC anchoring in multiple cell-types(246, 

355). It is unclear whether the AKAP150EC-TRPV4EC signaling mechanism impacts blood 

pressure, since EC-specific knockout of these proteins has not been accomplished to date. 

Accordingly, we developed and validated two new inducible mouse models, TRPV4EC
-/- and 

AKAP150EC
-/-, in which TRPV4 and AKAP150, respectively, were specifically knocked out in ECs. 

Endothelial knockout of TRPV4 channels or AKAP150 was confirmed by a decrease in TRPV4 

and AKAP150 immunostaining in ECs (Figure 1A; Supplementary Figures 1A-1D), and a 

decrease in endothelial mRNA for TRPV4 channels and AKAP150 (Figure 1B, Supplementary 

Figure 1E) in the corresponding knockout models. Unitary Ca2+ influx signals through individual 

TRPV4EC channels, termed TRPV4EC sparklets(354), were recorded in resistance mesenteric 

arteries (MAs) and confirmed by their sensitivity to the highly selective TRPV4 antagonist, 

GSK2193874 (GSK219, 100 nM; Supplementary Figure 1F). Baseline TRPV4EC sparklet activity 

(recorded in the presence of 20 M cyclopiazonic acid [CPA] to eliminate interfering inositol 

1,4,5-trisphosphate receptor-mediated Ca2+ signals(354)) as well as that induced by the TRPV4 

agonist GSK1016790A (GSK101; 3–30 nM), was markedly reduced in MAs from TRPV4EC
-/- mice 

compared with that in MAs from wild-type (WT) mice (Figure 1C).  

The classical muscarinic receptor agonist carbachol (CCh) increases TRPV4EC channel activity 

in an AKAP150/PKC-dependent manner to promote vasodilation(14, 354, 355). In en face 

preparations of MAs from WT mice, AKAP150EC was concentrated mainly at MEPs, identifiable as 

black holes in the internal elastic lamina (IEL) (Figure 1A; Supplementary Figure 1E). Notably, a 

spatial localization analysis indicated that baseline TRPV4EC sparklet activity at MEPs, but not at 

other (non-MEP) sites, was reduced in MAs from AKAP150EC
-/- mice compared with WT mice 
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(Figures 1D, 1E; Supplementary Figures 2A, 2B). Moreover, CCh enhanced TRPV4EC sparklet 

activity only at MEPs, an effect that was not observed in MAs from AKAP150EC
-/- mice (Figure 1E; 

Supplementary Figures 2A, 2B). PKC-mediated activation of TRPV4EC sparklets, induced by the 

PKC activator PMA (phorbol 12-myristate 13-acetate), also showed a similar AKAP150EC-

dependence and localization at MEPs (Supplementary Figures 2B, 2C). Thus, AKAP150EC is 

required for the activation of TRPV4EC channels at MEPs. Only the direct TRPV4 channel agonist 

GSK101 (10 nM) was able to increase TRPV4EC sparklet activity in MAs from AKAP150EC
-/- mice 

(Figure 1E). TRPV4EC sparklets represent coupled openings of individual TRPV4EC channels at a 

given site(354, 355). An analysis of cooperative gating among TRPV4EC channels, measured as 

coupling coefficient (k) value, which varies from 0 (no coupling or independent gating) to 1 

(complete coupling), indicated that coupling was weaker at MEPs in MAs from AKAP150EC
-/- mice 

(Figure 1F; Supplementary Figure 3), supporting a critical role of AKAP150EC in functional coupling 

of TRPV4EC channels. Furthermore, TRPV4 channel agonist - and CCh-induced dilation of MAs 

were dramatically decreased in MAs from TRPV4EC
-/- and AKAP150EC

-/- mice (Figure 1G-1J; 

Supplementary Figure 4), indicating impaired endothelium-dependent vasodilation in these mice. 

Importantly, resting systolic, diastolic, and mean arterial pressure (MAP), recorded using 

radiotelemetry, were elevated in both TRPV4EC
-/- and AKAP150EC

-/- mice compared with the 

respective WT mice (Figure 1K; Supplementary Figure 5). Resting heart rate, however, was not 

different between WT and knockout mice (Supplementary Figures 5A, 5C). Pressure-induced 

constriction at 80 mm Hg was higher in both TRPV4EC
-/- and AKAP150EC

-/- mice compared to 

respective WT mice (Figure 1L), suggesting higher baseline vascular tone in these mice. These 

new findings provide initial evidence that AKAP150EC-TRPV4EC signaling at MEPs promotes 

endothelium-dependent vasodilation and contributes to the regulation of resting blood pressure.  
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Diet-induced obesity is associated with impaired TRPV4EC sparklet activity and 

endothelium-dependent vasodilation. 

Diet-induced obesity caused by excessive intake of energy-dense foods is often 

accompanied by a rise in blood pressure and defective endothelium-dependent vasodilation(67, 

133). Here, we explored whether disrupted TRPV4EC Ca2+ signaling is a feature of defective 

endothelium-dependent vasodilation in mice fed a high-fat diet (HFD) for 14 weeks. Body weight 

of these HFD mice (44 ± 2 g) was significantly higher than that of mice fed a normal-fat diet 

(NFD; 28 ± 1 g, n = 13; P < 0.05, t-test). HFD mice also showed higher resting systolic, diastolic, 

and MAP (Figure 2A; Supplementary Figures 6A, 6B), and a higher pressure-induced 

vasoconstriction at 80 mm Hg (Supplementary Figures 6C) compared to NFD mice. CCh-

induced, endothelium-dependent dilation was markedly blunted in MAs from HFD mice (Figure 

2B). Similarly, dilation of MAs in response to the TRPV4 channel agonist GSK101 was also 

impaired in HFD mice (Figure 2C). TRPV4EC sparklets activate IK and SK channels to mediate 

membrane hyperpolarization of ECs, a response that propagates to adjacent SMCs to induce 

their relaxation and cause dilation of MAs(354). In the presence of IK/SK channel inhibitors, there 

was no significant difference in vasodilation to CCh and GSK101 between NFD and HFD mice 

(Supplementary Figures 7A, 7B). Moreover, in the presence of 60 mM extracellular K+ to inhibit 

IK/SK channel-mediated hyperpolarization, there was no difference in vasodilation to CCh or 

GSK101 between NFD and HFD mice (Supplementary Figures 7C-F), further suggesting a 

specific impairment of TRPV4EC-IK/SK channels in obesity. Conceptually, the loss of TRPV4-

mediated vasodilation could be related to reduced expression and/or function of TRPV4EC 

channels or IK/SK channels. We found that the dilatory response to the IK/SK channel activator 

NS309 was not altered in MAs from HFD mice (Supplementary Figure 8A), suggesting that the 

impairment in endothelial function in obesity lies upstream of IK/SK channels, possibly at the 

level of TRPV4EC channels, and that the communication across MEGJs is not impaired. 
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Notably, TRPV4EC sparklets were scarce in HFD mice (Figure 2E), a decrease that was 

spatially restricted to sparklet sites at MEPs (Figures 2E, 2F; Supplementary Figure 8B). Both 

CCh- and PKC-induced activation of TRPV4EC sparklets, which requires AKAP150EC, was 

markedly reduced in MAs from HFD mice (Supplementary Figure 8C). Moreover, the 

AKAP150EC-dependent enhancement of coupling strength among TRPV4EC channels at MEPs 

was also attenuated in obesity (Supplementary Figure 9A). The quantal level (unitary channel 

amplitude, reflecting stepwise openings of 1–4 TRPV4 channels at a site(354)) of TRPV4EC 

sparklets at MEPs was not altered in AKAP150EC
-/- or HFD mice compared with respective 

controls (Supplementary Figure 9B). Collectively, these findings raise the possibility of defective 

AKAP150EC enhancement of TRPV4EC channel function at MEPs in obesity.  

Clinical relevance of our findings was established by studying TRPV4EC-mediated 

vasodilation and TRPV4EC sparklet activity in splenius/temporalis muscle arteries from non-

obese and obese individuals. Both CCh and GSK101 dilated the arteries from non-obese 

individuals, and the vasodilation was absent in the arteries from obese individuals (Figures 2G-

J). Moreover, GSK219-sensitive TRPV4EC sparklet activity was attenuated in the arteries from 

obese individuals when compared to those from non-obese individuals (Figures 2K, 2L). Thus, 

TRPV4EC channel activity and vasodilation are also impaired in the arteries from obese patients.     

 Inhibition of NOS or PN restores TRPV4EC channel activity, vasodilation, and 

blood pressure in obesity.  

TRPV4EC-IK/SK channel signaling is the major effector pathway for muscarinic receptor 

signaling-induced dilation of resistance MAs, whereas TRPV4EC channel-independent endothelial 

NOS (eNOS) activation plays a minor role(14, 354, 355). We hypothesized that NOS inhibition 

would eliminate the residual vasodilation to CCh in obese mice. Surprisingly, NOS inhibition with 

L-NNA (L-NG-nitroarginine; 100 M) restored the vasodilation to both CCh and GSK101 (Figures 
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3A, 3B) in HFD mice. L-NNA had only a slight inhibitory effect on vasodilation to CCh and no 

effect on vasodilation to GSK101 in NFD mice (Figures 3A, 3B; Supplementary Figure 10A). L-

NNA was unable to rescue the vasodilation to CCh or GSK101 in obese TRPV4EC
-/- or 

AKAP150EC
-/- mice (Figures 3A, 3B), suggesting the AKAP150EC-TRPV4EC-dependent rescue of 

vasodilation by L-NNA in obesity. Moreover, L-NNA rescued TRPV4EC sparklet activity in MAs 

from HFD mice, but had no effect on TRPV4EC sparklet activity or TRPV4EC-induced vasodilation 

in NFD mice (Supplementary Figure 10B). NOS-generated NO can react with O2
.- radicals to 

form PN(307), which is known to have deleterious effects on endothelial function(42, 181, 416). 

O2
.- and NO levels were elevated in ECs from HFD mice (Supplementary Figures 11A, 11B). On 

the basis of these findings, we postulated that PN is the signaling molecule that reduces 

TRPV4EC sparklet activity in obesity. A PN-selective fluorescent indicator, coumarin boronic acid 

(CBA), showed a concentration-dependent increase in fluorescence with PN and PN generator 

SIN-1 (Supplementary Figure 12), and a higher PN fluorescence in ECs from obese patients and 

mice when compared to respective non-obese controls (Figures 3C, 3D).  Using PEG-catalase to 

decompose H2O2 and taurine to scavenge hypochlorous acid did not lower the CBA fluorescence 

in obese mice, suggesting that H2O2  or hypochlorous acid did not contribute to increased CBA 

fluorescence (Supplementary Figure 13). Moreover, immunostaining for 3-nitrotyrosine (NT), a 

commonly used biomarker of PN formation, revealed very low levels of 3-NT in MAs from NFD 

mice, but increased 3-NT formation at MEPs in HFD mice (Supplementary Figure 14).  Uric acid 

(UA; 200 M) and ebselen (1 M), PN scavengers(347), FeIII-tetra-(4-sulfonatophenyl)-porphyrin 

(FeTPPs; 1 M), a PN decomposer(193), and tempol (200 M), a superoxide dismutase (SOD) 

mimetic that decreases O2
.-, all rescued TRPV4EC sparklet activity at MEPs in MAs from HFD 

mice and in the arteries from obese individuals (Figures 3E; Supplementary Figures 15, 16). 

However, none of these agents affected sparklet activity at non-MEP sites in HFD mice or overall 
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sparklet activity in MAs of NFD mice (Supplementary Figures 15D-G), pointing to a spatially 

localized elevation in PN levels at MEPs in obesity.  

 PN inhibitors UA and FeTPPS also rescued CCh- and PKC-induced activation of 

TRPV4EC sparklets in HFD mice, restored coupling coefficients to NFD levels (Supplementary 

Figure 17A-C) and, like tempol and ebselen, restored dilation to CCh and GSK101 in MAs from 

HFD mice (Figure 3F; Supplementary Figure 17D). In TRPV4EC
-/- mice or AKAP150EC

-/- mice fed 

a HFD, UA was unable to rescue TRPV4EC sparklet activity and vasodilation to CCh 

(Supplementary Figures 17D, 17E), supporting the concept that PN inhibitors specifically 

rescued AKAP150EC-TRPV4EC-dependent vasodilation in obesity. Administration of UA (200 

mg/kg, i.p.) or FeTPPS (10 mg/kg, i.p.) failed to affect resting blood pressure in NFD mice, but 

significantly lowered MAP in HFD mice 15 minutes after injection (Figure 3G). Neither compound 

altered heart rate in HFD mice (Supplementary Figure 18). Moreover, these PN inhibitors had no 

effect on resting MAP in TRPV4EC
-/- mice fed a HFD (Figure 3G), further confirming that inhibition 

of PN accumulation restored the ability of TRPV4EC channels to decrease MAP.  

MEP-localized NADPH oxidase 1 (NOX1) and iNOS underlie PN-induced TRPV4EC 

channel dysregulation in obesity.  

NOX activity is a major source of cytosolic O2
.- generation in the vasculature(79), and both 

NOX and vascular iNOS activity are increased in obesity(276). Three NOX isoforms—NOX1, 

NOX2 and NOX4—have been reported in rodent ECs(79). In MAs from NFD mice, the 

predominant NOX isoform detected at MEPs was NOX1 (Figure 4A). Interestingly, the 

expression of NOX1 at MEPs was increased in MAs from obese mice, whereas expression of 

NOX2 and NOX4 persisted at low levels (Figure 4A; Supplementary Figures 19, 20). Similarly, 

expression of iNOS was also elevated at MEPs in MAs from obese mice (Figures 4B, 4C). 

Consistent with these data, NOX1 and iNOS mRNA levels were elevated in MAs from obese 
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mice compared with NFD mice (Figure 4D). The specific NOX1 inhibitors NoxA1ds and ML-171, 

and iNOS inhibitor, 1400W, restored TRPV4EC sparklet activity to normal levels at MEPs in MAs 

from obese mice (Figures 4E-G; Supplementary Figure 21A). However, these compounds had 

no effect on sparklet activity at non-MEP sites (Figures 4E-G; Supplementary Figure 21A) and 

failed to affect sparklet activity in MAs from NFD mice (Supplementary Figure 21B). In contrast, 

the gp91phox blocking peptide, gp91 ds-tat (1 M), which specifically inhibits NOX2, did not alter 

TRPV4EC sparklet activity in obese mice (Supplementary Figure 22). Both NOX1 and iNOS 

inhibitors restored vasodilator responses to CCh and TRPV4 agonist in MAs from obese mice 

(Figures 4H, 4I; Supplementary Figure 23), an effect that was absent in the arteries from HFD 

TRPV4-/- mice or HFD AKAP150EC
-/- mice (Figures 4H, 4I; Supplementary Figure 24), and 

lowered the CBA fluorescence in the arteries from obese mice (Supplementary Figure 25). 

Moreover, 1400W or L-NNA administration also lowered MAP in obese mice (Figure 4J; 

Supplementary Figure 26). Collectively, these results suggest that elevated NOX1 and iNOS 

expression at vascular MEPs increases PN formation in obesity, which impairs TRPV4EC sparklet 

activity and endothelium-dependent vasodilation. 

PN inhibits AKAP150EC-mediated enhancement of TRPV4EC sparklet activity at 

MEPs.  

To test whether exogenous PN attenuates TRPV4EC sparklet activity, we exposed MAs 

from WT mice to either PN (1 M) or the PN donor SIN-1 (50 M) for 5 minutes. Both PN and 

SIN-1 decreased TRPV4EC sparklet activity at MEPs, but had no effect on TRPV4EC sparklets at 

non-MEP sites (Figure 5A; Supplementary Figure 27A). SIN-1 generates NO and O2
.-, which 

react to form PN. In the presence of the NO scavenger carboxy-PTIO (50 M) or tempol, SIN-1 

was unable to inhibit TRPV4EC sparklet activity, indicating that neither O2
.- nor NO per se alter 

TRPV4EC sparklet activity (Supplementary Figure 27B). Both UA and FeTPPS inhibited PN-

induced 3-NT formation as well as the effect of PN on TRPV4EC sparklet activity at MEPs 
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(Supplementary Figure 28). In patch clamp studies on freshly isolated ECs from WT mice, 

exogenous PN reduced the currents through TRPV4EC channels (Figure 5B), supporting PN-

induced inhibition of channel activity. TRPV4 agonist- and CCh-induced vasodilation was also 

inhibited in the presence of PN (Figures 5C, 5D; Supplementary Figure 29A). Decomposed PN, 

however, was unable to impair TRPV4EC sparklet activity or vasodilation (Supplementary Figures 

29B-D). Furthermore, both CCh- and PKC-induced (PMA) increases in TRPV4EC sparklet activity 

were abolished in the presence of PN (Supplementary Figure 30A), and coupling strength among 

TRPV4EC channels at MEPs was lower in the presence of exogenous PN (Supplementary Figure 

30B). Collectively, these findings suggest that PN impairs AKAP150EC-mediated enhancement of 

TRPV4EC channel activity. Indeed, in MAs from AKAP150EC
-/- mice, PN was unable to alter 

TRPV4EC sparklet activity evoked by TRPV4 agonist (10 nM, Figure 5E), confirming that PN does 

not directly target the TRPV4EC channel, but instead impairs AKAP150EC-mediated regulation of 

the channel.  

PN-induced cysteine oxidation of AKAP150 lowers TRPV4EC channel activity.  

Dithiothreitol (DTT; 1 mM), which is used as a reducing agent to reverse cysteine 

oxidation, rescued TRPV4EC sparklet activity in HFD mice but not in HFD AKAP150EC
-/- mice 

(Supplementary Figure 31), suggesting that PN-induced cysteine oxidation may be responsible 

for AKAP150EC-TRPV4EC dysfunction in obesity. Ascorbic acid, which is a selective inhibitor of S-

nitrosylation(279), did not alter TRPV4EC sparklet activity in obese mice suggesting that S-

nitrosylation may not be responsible for TRPV4EC channel in obesity (Supplementary Figure 32). 

A 2-thiodimedone antibody to detect cysteine sulfenic acid (CSA) intermediates of cysteine 

oxidation showed higher CSA levels at MEPs in obese mice when compared to normal mice 

(Figure 5F). MAs from obese AKAP150EC
-/- mice showed minimal CSA staining at MEPs (Figure 

5F). Moreover, CSA levels at MEPs in MAs from obese mice were lowered by pretreatment with 

DTT or PN scavenger UA (Supplementary Figure 33). Overall, these data support the idea that 
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PN causes cysteine oxidation of AKAP150EC in obesity to lower AKAP150EC-TRPV4EC signaling 

at MEPs.  

In HEK293 cells, TRPV4 inhibitor-sensitive currents were increased in the presence of 

AKAP150 (Figure 5G). Moreover, PN did not alter TRPV4 currents in HEK293 cells expressing 

TRPV4 channel alone, but did inhibit such currents in cells expressing the TRPV4 channel and 

AKAP150 (Figure 5G), suggesting that PN decreases TRPV4 channel activity by targeting 

AKAP150. There is only one cysteine residue (Cys36) in the PKC-binding region (residues 31-

52) of AKAP150(96). Substituting Cys36 of AKAP150 with alanine in HEK293 cells resulted in 

the loss of PN-inhibition of TRPV4 currents and PN-induced formation of cysteine sulfenic acid, 

an intermediate in disulfide bond formation (Figure 5G, Supplementary Figure 34). Taken 

together, these results indicate that PN causes oxidation of Cys36 on AKAP150 to lower TRPV4 

channel activity. 

TRPV4EC sparklets dilate MAs by activating IK/SK channels(354, 355). In freshly isolated 

ECs, PN did not alter IK/SK currents induced by the direct IK/SK channel activator, NS309 

(Supplementary Figure 35A). Furthermore, NS309-induced vasodilation was unaffected by PN 

(Supplementary Figure 35B), confirming that PN-induced impairment in endothelium-dependent 

vasodilation occurs upstream of IK/SK channels.  

PN impairs AKAP150EC:PKC localization in obesity.  

The expression of AKAP150EC at MEPs was unaltered in obesity (Figures 6A, 6B), and TRPV4EC 

and AKAP150EC transcript levels were also unchanged (Figure 6C). We further hypothesized that 

PN-induced impairment of AKAP150EC-PKC-TRPV4EC signaling in obesity reflects impaired 

localized coupling of AKAP150EC to PKC and/or TRPV4EC. Proximity ligation assays (PLAs) in 

MAs from NFD mice indicated that AKAP150EC exists within nanometer proximity of both PKC 

and TRPV4EC (Figures 6D, 6E). Moreover, AKAP150EC:TRPV4EC localization was not altered in 
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MAs from HFD mice (Figures 6D, 6F). However, we observed less AKAP150EC:PKC localization, 

suggesting impaired PKC anchoring by AKAP150EC in obesity (Figures 6E, 6F). Therefore, we 

hypothesized that PN inhibits the anchoring of PKC by AKAP150EC in obesity. Treatment of MAs 

from obese mice with UA for 5 minutes restored the localization of AKAP150EC with PKC to NFD 

levels (Figure 6F). Moreover, the PN donor SIN-1 decreased AKAP150EC:PKC localization in WT 

arteries (Figure 6G). These results support the idea that PN disrupts AKAP150EC-PKC-TRPV4EC 

vasodilator signaling at MEPs in obesity by specifically inhibiting anchoring of PKC by 

AKAP150EC (Figure 6H). 

4.4 Discussion  

Using inducible, endothelium-specific knockout mice, we provide the first demonstration of a 

physiological role for TRPV4EC channels and the regulatory protein AKAP150EC in lowering 

resting blood pressure. Moreover, we show that increased PN at vascular MEPs targets 

AKAP150EC and lowers AKAP150EC-mediated enhancement of TRPV4EC channel activity, 

thereby blunting endothelium-dependent vasodilation and increasing blood pressure in diet-

induced obesity. Studies in human arteries establish the clinical relevance of PN-induced 

impairment of TRPV4EC channels in obesity. Our results further suggest that increased levels of 

NOX1 and iNOS at vascular MEPs contribute to enhanced formation of PN in obesity, and 

demonstrate that prevention of PN formation restores AKAP150EC-PKC-TRPV4EC channel 

vasodilatory signaling (Figure 6H). Thus, our studies lay the foundation for PN-based therapeutic 

strategies for rescuing TRPV4EC channel function, and thereby improving endothelium-

dependent vasodilator responses and lowering blood pressure in obese individuals.  

The contribution of TRPV4EC channels to resting blood pressure has been difficult to define. 

Although numerous studies have identified TRPV4EC channels as a key Ca2+ influx pathway for 

endothelium-dependent vasodilation, only global TRPV4-/- mice have been available for such 

studies(354, 448). These mice show no change in resting blood pressure(147, 448), an 
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observation in stark contrast to the higher blood pressure observed in the TRPV4EC
-/- mice 

developed for the current study. The role of vascular smooth muscle AKAP150-TRPV4 signaling 

in regulating arterial diameter remains uncertain, with reports linking TRPV4 signaling in this 

compartment to both vasodilation and vasoconstriction(84, 246, 432). Thus, a definitive answer 

to the questions of how smooth muscle AKAP150-TRPV4 signaling influences blood pressure 

await the development of SMC-specific TRPV4-/- and AKAP150-/- mice.  

 An increase in iNOS activity at vascular MEPs contributed to PN formation in obesity, 

however, higher iNOS levels did not result in vasodilation, a finding that could be explained by 

the instantaneous reaction of NO with NOX1-generated O2
.-, thus reducing NO bioavailability. In 

this regard, NOX1 deletion has previously been shown to lower O2
.- levels in a mouse model of 

metabolic disease(383). Importantly, iNOS activity has mainly been associated with immune 

cells(28). Our z-stack images indicate that iNOS upregulation is restricted to MEPs in obesity, 

and immunostaining for pan-leucocyte marker CD45 revealed that immune cells were not 

present at the level of IEL in obese mice (Supplementary Figure 36), further supporting the 

concept that endothelial iNOS contributed to PN formation in obesity. Importantly, we confirmed 

the clinical relevance of iNOS and NOX1 overexpression in arteries isolated from obese patients 

(Supplemental Figure 43).  iNOS has been implicated in drastic lowering of blood pressure in 

sepsis (232). It is conceivable that differential mechanisms downstream of iNOS lead to distinct 

functional effects in obesity and sepsis.   

             While our data support the role of NOX1 and iNOS in obesity-induced PN formation at 

MEPs, the mechanisms for sub-cellular compartmentalization of iNOS and NOX1 within the 

MEPs were not clear. We postulated that the anchoring protein AKAP150, highly enriched at the 

MEPs, could be a candidate for this role. However, MAs isolated from HFD AKAP150EC 
-/-

 mice 

showed similar iNOS and NOX1 immunostaining to control mice (Supplemental Figure 44) ruling 

out this hypothesis. Recently, in a mouse model of pulmonary hypertension iNOS and NOX1 
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were shown to co-localize with endothelial caveolin-1 (Cav-1) (63), a key structural protein that is 

well known to associate with endothelial nitric-oxide synthase (eNOS) at the endothelial plasma 

membrane (167). Moreover, Cav-1 directly interacts with NOX1 (9). Therefore, Cav-1 is a strong 

candidate responsible for anchoring iNOS and NOX1 at the MEPs in obesity. Indeed, obesity 

drives an increase in endothelial and smooth muscle plasma membrane expression of Cav-1 

impairing eNOS signaling (124). Future studies implementing endothelial specific Cav-1 

knockout mice (63)  in obesity will provide a definitive answer whether Cav-1 could be involved in 

promoting the localization of NOX1 and iNOS at MEPs.  

  Although several endogenous oxidant molecules can cause cysteine oxidation(270, 

298), AKAP150EC-TRPV4EC channel impairment in obesity can be attributed specifically to PN-

induced cysteine oxidation of AKAP150EC. We show that PEG-catalase and taurine are unable to 

rescue TRPV4EC sparklet activity or vasodilation in obese mice (Supplementary Figure 37), 

suggesting that H2O2 or hypochlorous acid do not play a major role in obesity-induced 

impairment of TRPV4EC channels. Interestingly, addition of high concentration of exogenous 

H2O2, but not hypochlorous acid, lowered TRPV4EC sparklet activity in MAs from normal mice 

(Supplementary Figure 38), although the mechanism for this effect is not known. Superoxide and 

NO radicals have also been commonly associated with cysteine modifications(40). Using the 

hypoxanthine/xanthine oxidase system, we observed that superoxide radicals inhibited 

vasodilation to CCh in normal mice, but had no effect on TRPV4EC sparklet activity 

(Supplementary Figure 39). Thus, superoxide radicals are not directly responsible for impairing 

TRPV4EC channel activity in obesity. Moreover, NO donor spermine NONOate (100 M) also 

inhibited TRPV4EC sparklet activity(238) (Supplementary Figure 40), however, this effect was 

previously attributed to the activation of endothelial guanylyl cyclase-protein kinase G 

pathway(238).  
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 Cysteine modifications have a short half-life(412), which may explain the restoration of 

AKAP150EC-TRPV4EC signaling within five minutes in obesity. It is plausible that lowering PN 

levels allows the endogenous glutaredoxins, thioredoxins, and/or peroxiredoxins to reduce 

oxidized cysteines on AKAP150EC(135). PN may also lead to S-nitrosation, however, treatment 

with ascorbic acid was unable to rescue TRPV4EC channel activity in obesity. While a lack of 

response to ascorbic acid does not definitively exclude a role for S-nitrosothiols, this result 

together with the detection of cysteine oxidation of AKAP150EC support thiol oxidation as the 

primary mechanism impairing AKAP150EC-TRPV4EC signaling in obesity. PN may also cause 

cysteine oxidation of PKC, which is known for its redox regulation(360). However, preventing 

Cys36 oxidation of AKAP150 alone was sufficient to abolish the effect of PN on TRPV4EC 

channel activity, suggesting that PN-induced thiol oxidation of PKC may not play a role in 

obesity-induced loss of endothelial function. 

  Exogenously applied PN has been shown to have varying effects on vascular 

diameter(33, 280). We observed that PN (5 M) caused a slight and transient vasodilation that 

was similar to that caused by 100 nM spermine NONOate (Supplementary Figures 41A, 41B). 

However, NONOate did not alter the vasodilation to CCh or TRPV4EC sparklet activity at this 

concentration (Supplementary Figures 41C, 41D). It should be noted that the effect of 

exogenously applied PN on vascular diameter is likely an integral of its effects in multiple cell 

types including smooth muscle cells, and could be different from the effect of locally formed PN 

in ECs during obesity.    

While obesity is a significant risk factor for cardiovascular abnormalities in both sexes, 

obese female mice did not show a loss of endothelium-dependent vasodilation (Supplementary 

Figure 42). The risk of hypertension is known to be more in men than women at young ages(95), 

a trend that is reversed post-menopause. It is plausible that estrogen has a beneficial effect on 

endothelial function during obesity(158). Future studies on endothelial dysfunction in obese 
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female mice are needed to address a significant health concerns of obesity-induced 

hypertension in women. 

A recent study supported a key role for perivascular adipose tissue (PVAT) in NO 

generation and vasodilation(114). Moreover, obesity was shown to be associated with 

uncoupling of eNOS from PVAT in obesity(428). Therefore, it is plausible that NO/superoxide 

radicals generated in PVAT contribute to PN formation and endothelial dysfunction. PVAT can 

also release inflammatory cytokines(28) that may elevate iNOS and NOX1 levels in ECs, thereby 

having a long-term effect on endothelial function.  However, PVAT was cleaned off for all the ex 

vivo experiments in this study, thus, obesity-induced effects on TRPV4EC channel activity and 

vasodilation were independent of PVAT in the current study.  

In conclusion, iNOS-generated NO can react with NOX1-generated superoxide to have 

deleterious effects on vasodilation under pathological conditions. A localized elevation in PN 

levels at vascular MEPs appears to be sufficient to decrease AKAP150EC-mediated 

enhancement of TRPV4EC channel activity without affecting the expression of AKAP150EC or 

TRPV4EC channels. Although reactive oxygen and nitrogen species have been implicated in 

hypertension, results presented here identify specific signaling mechanisms that could be 

therapeutically targeted for rescuing endothelium-dependent vasodilation and blood pressure in 

obesity. 
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Figure 1. Endothelium-specific TRPV4 (TRPV4EC
-/-) and AKAP150 (AKAP150EC

-/-) 

knockout mice show elevated resting blood pressure. 

 

Figure 1. (A) Representative merged images from en face preparations of third-order MAs 

showing IEL autofluorescence (green) and TRPV4EC or AKAP150EC immunofluorescence (red) in 

WT (top), and TRPV4EC
-/- or AKAP150EC

-/- (bottom) mice. (B) Relative TRPV4 and AKAP150 
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mRNA levels in ECs from TRPV4EC
-/- and AKAP150EC

-/- mice, respectively, relative to those in 

WT mice (P < 0.01 for TRPV4EC
-/- or AKAP150EC

-/- mice vs. respective WT mice; n=4; ***P < 

0.001; t-test). (C) TRPV4EC sparklet activity per site (NPO) in en face preparations of MAs from 

WT and TRPV4EC
-/- mice under baseline conditions (i.e., 20 M CPA) or in response to 3 and 10 

nM GSK101 (n = 5–11; *P < 0.05 [baseline], <0.001 [3 nM GSK101] and < 0.001 [30 nM 

GSK101] for WT vs. TRPV4EC
-/-; one-way ANOVA). (D) Representative baseline F/F0 traces from 

TRPV4EC sparklet sites at MEPs in Fluo-4–loaded MAs from WT (top) and AKAP150EC
-/- (bottom) 

mice. Dotted red lines indicate quantal levels(354) derived from an all-points histogram 

(Extended Data Fig. 7). (E) TRPV4EC sparklet activity at MEP (top) and non-MEP (bottom) sites 

in MAs from WT and AKAP150EC
-/- mice under baseline conditions, and following treatment with 

10 M CCh or 10 nM GSK101 (n = 5; P < 0.05 for WT baseline vs. TRPV4EC
-/- baseline, **< 0.01 

for WT CCh vs. WT baseline, < 0.01 for WT GSK101 vs. WT baseline; ##P < 0.01 for AKAP150EC
-

/- GSK101 vs. AKAP150EC
-/- baseline; one-way ANOVA). (F) Coupling coefficient (k) values for 

TRPV4EC sparklet sites at MEPs indicating the coupling strength among TRPV4EC channels at a 

given site in MAs from AKAP150EC
-/- and WT mice (P < 0.001, t-test, n = 25–31 sites). (G) 

Averaged data for GSK101-induced dilation of MAs from WT and TRPV4EC
-/- mice (n = 5; 

P < 0.01 [3 nM GSK101], < 0.001 [10 nM GSK101] and < 0.001 [30 nM GSK101] for WT vs. 

TRPV4EC
-/- mice; two-way ANOVA). (H) Percent dilation of MAs from WT and TRPV4EC

-/- mice in 

response to CCh (0.3–10 M) (n = 5; P < 0.05 [0.3 M CCh] and < 0.001 [1, 3, and 10 M CCh] 

for WT vs. TRPV4EC
-/- mice; two-way ANOVA). (I) Percent dilation of MAs from WT and 

AKAP150EC
-/- mice in response to GSK101 (3–30 nM) (n = 5–6; P < 0.05 [3 nM GSK101], < 0.01 

[10 nM GSK101] and < 0.001 [30 nM GSK101] for WT vs. AKAP150EC
-/- mice; two-way ANOVA). 

(J) Percent dilation of MAs from WT and AKAP150EC
-/- mice in response to CCh (0.3–10 M) 

(n = 5; P < 0.05 [0.3 M CCh] and < 0.001 [1, 3, and 10 M CCh] for WT vs. AKAP150EC
-/- mice; 

two-way ANOVA). (K) Scatter plot of resting MAP (mm Hg) averaged over 3 days in TRPV4EC
-/- 
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and AKAP150EC
-/- mice and the respective WT mice (P < 0.01 for TRPV4EC

-/- vs. WT mice, 

P < 0.05 for AKAP150EC
-/- vs. WT mice; t-test, n=5). (L) Percent myogenic constriction at 80 mm 

Hg in MAs from TRPV4EC
-/- and AKAP150EC

-/-, and respective WT mice (P < 0.01 vs. WT, t-test, 

n=10).   

Figure 2. Diet-induced obesity impairs AKAP150EC-PKC-TRPV4EC signaling and 

vasodilation. 

 

Figure 2. (A) Resting MAP (mm Hg) averaged over 3 days in HFD and NFD mice (n = 5; 

**P < 0.01 for HFD vs. NFD; t-test). (B) Representative diameter traces (left) and averaged 
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diameter data (right) for CCh (0.3–10 M)-induced dilation of MAs from NFD and HFD mice 

(n = 8–11; ***P < 0.001 for 1 M, 3 M, and 10 M CCh for NFD vs. HFD mice; two-way 

ANOVA). (C) Representative diameter traces (left) and averaged diameter data (right) for 

GSK101 (3–30 nM)-induced vasodilation in NFD and HFD mice (n = 5–9; P < 0.01 [3 nM GSK10] 

and < 0.001 [10 nM GSK101]; two-way ANOVA). (D) Representative F/F0 traces from TRPV4EC 

sparklet sites (20 M CPA + GSK101, 10 nM) at MEPs in Fluo-4–loaded en face preparations of 

MAs from NFD (left) and HFD (right) mice. Dotted red lines indicate quantal levels. (E) Averaged 

TRPV4EC sparklet activity (NPO) at MEPs in MAs from NFD and HFD mice under baseline 

conditions (20 M CPA) or in response to GSK101 (10 nM) (n = 7; sparklet activity: *P < 0.05 

[CPA] and < 0.01 [GSK101] for NFD vs. HFD). (F) Averaged TRPV4EC sparklet activity in MAs 

from NFD and HFD mice under baseline conditions (20 M CPA) and in response to GSK101 

(10 nM) (n = 7). (G) Representative diameter traces for CCh (0.3–10 M)-induced dilation of 

splenius muscle arteries from non-obese and obese individuals. (H) Representative diameter 

traces for GSK101 (3–30 nM)-induced dilation of splenius muscle arteries from obese and non-

obese individuals. (I) Averaged diameter data for CCh -induced vasodilation in human splenius 

and temporalis muscle arteries from obese and non-obese individuals (n = 6; P< 0.01 vs. non-

obese; two-way ANOVA). (J) Averaged diameter data for GSK101-induced vasodilation in 

human splenius and temporalis muscle arteries from obese and non-obese individuals (n = 6; 

P < 0.01, < 0.01, vs. non-obese; two-way ANOVA). (K) Greyscale image of a field of view with ~ 

20 ECs from an en face preparation of Fluo-4 loaded splenius muscle artery (SMA) from a non-

obese individual; yellow squares indicate sparklet sites in with CPA + GSK101 (10 nM). (L) 

TRPV4EC sparklet activity (NPO) at MEP in SMAs from non-obese and obese individuals in 

response to GSK101 (10 nM) and in the presence of GSK219 (100 nM) (n = 4; P < 0.001 

[GSK101] for non-obese vs. obese and P < 0.01 [GSK101] vs. [GSK219]; one-way ANOVA). 
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Figure 3. Elevation of endothelial peroxynitrite (PN) impairs TRPV4EC channel 

activity in obesity. 

 

Figure 3. (A) Percent dilation of MAs from NFD, HFD, HFD AKAP150EC
-/- , and HFD TRPV4EC

-/-  

mice in response to CCh (0.3–10 M) in the presence or absence of L-NNA (100 M) (n = 5–9; 

#P<0.05 [3 and 10 M CCh] for NFD vs. NFD + L-NNA; ***P < 0.001 [1, 3, and 10 M CCh] for 
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HFD vs. HFD + L-NNA; two-way ANOVA). (B) Percent dilation of MAs from NFD, HFD, HFD 

AKAP150EC
-/- , and HFD TRPV4EC

-/-  mice in response to GSK101 (3–30 nM) in the presence or 

absence of L-NNA (100 M)  (n = 5; *P < 0.05 at 3 nM GSK101 and < 0.001 at 10 nM GSK101 

for HFD vs. HFD + L-NNA; two-way ANOVA).(C) Representative images for CBA fluorescence in 

ECs of splenius muscle arteries from non-obese (top-left) and obese (bottom-left) individuals; 

scatter plot of CBA fluorescence intensity (right) in ECs from non-obese and obese patients (P < 

0.001; n= 12 fields from 3 arteries; t-test). (D) CBA fluorescence intensity in ECs of MAs from 

NFD and HFD mice (P < 0.001; n = 13-15 fields from 3 arteries; t-test). (E) Representative F/F0 

traces (left) and scatter plot of TRPV4EC sparklet activity (right) from MEP and non-MEP sites in 

fluo-4–loaded MAs from HFD mice in the absence or presence of UA (200 M) (n = 5; P < 0.01 

for MEP sites with vs. without UA; one-way ANOVA). Dotted red lines indicate quantal levels. (F) 

Effects of UA (200 M), FeTPPS (1 M), tempol (200 M), and Ebselen (1 M) on CCh (0.3–10 

M)-induced dilation of MAs from HFD mice (WT), TRPV4EC
-/- HFD, and AKAP150EC

-/- HFD mice 

(n = 5–8; P < 0.05; < 0.01; <0.001 vs. HFD only; two-way ANOVA). (G) Changes in resting MAP 

(mm Hg) in NFD and HFD mice following i.p. injection of FeTPPS (10 mg/kg; left) (n = 3–4; 

P < 0.01 for FeTPPS-treated NFD vs. FeTPPS-treated HFD, ##P < 0.01 for FeTPPS-treated HFD 

vs. FeTPPS-treated TRPV4EC
-/- HFD; one-way ANOVA) or UA (200 mg/kg; right) (n = 3; P < 0.05 

for UA-treated NFD vs. UA-treated HFD, #P < 0.05 for UA-treated HFD vs. UA-treated TRPV4EC
-/- 

HFD; one-way ANOVA). 
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Figure 4. Localized NOX1 and iNOS upregulation underlies PN-induced impairment 

of TRPV4EC channel activity in obesity.   

 

Figure 4. (A) Left, representative merged z-stack images from en face preparations of third-order 

MAs showing IEL autofluorescence (green) and NOX1 immunofluorescence (red) in NFD (left 

panel) and HFD mice (right panel). Right, quantification of NOX1, NOX2, and NOX4 localization 
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at MEPs in NFD and HFD mice (n = 5; ***P < 0.001 for NOX1 in HFD vs. NFD; one-way 

ANOVA). (B) Representative merged z-stack images of iNOS staining. (C) Quantification of 

iNOS localization at MEPs in NFD and HFD mice (n = 5; P < 0.001 for iNOS in HFD vs. NFD, t-

test). (D) Relative NOX1 and iNOS mRNA levels in homogenates of whole MAs from HFD mice 

expressed relative to those from NFD mice (**P < 0.01 vs. NFD, one-way ANOVA, n= 4-5). (E) 

Representative F/F0 traces showing the effect of the NOX1 inhibitor peptide NoxA1ds (1 M) on 

TRPV4EC sparklet activity (GSK101, 10 nM) in MAs from HFD mice. Dotted red lines indicate 

quantal levels. (F) Effects of NoxA1ds or negative control peptide (-NoxA1ds) on TRPV4EC 

sparklet activity at MEP and non-MEP sites in fluo-4–loaded MAs from HFD mice (n = 5; 

P < 0.001 for sparklet activity at MEP sites in the presence vs. absence of NoxA1ds; one-way 

ANOVA). (G) TRPV4EC sparklet activity (GSK101, 10 nM) at MEP sites in MAs from NFD and 

HFD mice in the absence or presence of the iNOS inhibitor 1400W (1 M, n = 5; P < 0.001 for 

sparklet activity at MEP sites in the presence vs. absence of 1400W; one-way ANOVA). (H) 

Effects of NoxA1ds or 1400W on CCh (0.3–10 M)-induced dilation of MAs from HFD, TRPV4EC
-

/- HFD, or AKAP150EC
-/- HFD mice (n = 5–8; *P < 0.05; < 0.01; < 0.001 vs. HFD only; two-way 

ANOVA). (I) Effects of NoxA1ds or 1400W on GSK101 (3–10 nM)-induced dilation of MAs from 

HFD, TRPV4EC
-/- HFD, or AKAP150EC

-/- HFD mice (n = 5–9; P < 0.05; < 0.01; < 0.001 vs. HFD 

only; two-way ANOVA). (J) Change in mean arterial pressure (MAP) following i.p. injection of 

1400W (10 mg/kg) or L-NNA (100 mg/kg) compared to HFD mice treated with vehicle (Veh, 

saline; n = 3-5; P < 0.05 for 1400W-treated HFD vs.Vehicle-treated [Veh, saline] HFD, P < 0.05 

for L-NNA-treated HFD vs. Vehicle-treated HFD; t-test). 
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Figure 5. Peroxynitrite (PN) causes cysteine oxidation of AKAP150EC to inhibit 

AKAP150EC-PKC-TRPV4EC signaling. 
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Figure 5. (A) Representative traces (left) and TRPV4EC sparklet activity (NPO) per site (right) 

indicating the effect of PN (1 M) on TRPV4EC sparklets at MEP and non-MEP sites in Fluo-4–

loaded MAs from WT mice in the presence of CPA and GSK101 (10 nM). Dotted red lines 

indicate quantal levels. Data are presented as means ± SEM (n = 5; ***P < 0.001 for NPO at MEP 

sites in the presence vs. absence of PN; one-way ANOVA). (B) Left, an image of EC in 

perforated patch configuration, middle, representative GSK101 (10 nM)-induced outward 

TRPV4EC currents in freshly isolated ECs from WT mice and the effect of PN (5 M) and 

GSK219 (100 nM), a single pulse from a holding potential of -50 mV to +100 mV was applied in 

the presence of ruthenium red (1 M) to inhibit Ca2+-induced IK/SK currents, right, scatter plot 

showing TRPV4EC currents in the presence of GSK101 alone, GSK101 + PN, and GSK101 + PN 

+ GSK219 (n=5, **P < 0.01 for GSK101 vs. PN; ###P < 0.001 for GSK101 vs. GSK219, one-way 

ANOVA). (C) Percent dilation in response to GSK101 (3–30 nM) in MAs from WT mice in the 

absence or presence of PN (n = 5–8; P < 0.01 [3 nM GSK101] and < 0.001 [10 nM GSK101] for 

percent dilation in the presence vs. absence of PN; two-way ANOVA). (D) Percent dilation of 

MAs from WT mice in response to CCh (0.3–10 M) in the absence or presence of PN (n = 5–8; 

P < 0.001 [1 M, 3 M, and 10 M CCh] in the presence vs. absence of PN; two-way ANOVA). 

(E) Representative F/F0 traces (left) and scatter plot of TRPV4EC sparklet activity (right, CPA + 

GSK101, 10 nM) in Fluo-4–loaded MAs from AKAP150EC
-/- mice in the absence or presence of 

PN (1 M, n = 5). (F) Representative merged images from en face preparations of third-order 

MAs showing IEL autofluorescence (green) and cysteine sulfenic acid (CSA) 

immunofluorescence (red) in NFD (top-left), HFD (top-right), and AKAP150EC
-/- HFD (bottom-left) 

mice; quantification of CSA localization at MEPs (bottom-right) in NFD, HFD, and AKAP150EC
-/- 

HFD mice (n=3; P < 0.01 for HFD vs. NFD; P < 0.001 for AKAP150EC
-/- HFD vs. HFD; one-way 

ANOVA). (G) Representative current traces of GSK219-sensitive TRPV4 currents in HEK293 

cells transfected with TRPV4 only (top-left), TRPV4+AKAP150WT (top-right), and 



130 
 

TRPV4+AKAP150C36A (bottom-left) recorded in the whole-cell patch-clamp configuration. Current 

density plot (bottom-right) of GSK219-sensitive TRPV4 currents (n = 6; P < 0.01 for TRPV4 

baseline vs. TRPV4+AKAP150WT baseline, P < 0.001 for TRPV4+AKAP150WT baseline vs. 

TRPV4+AKAP150WT with PN; ns for TRPV4+AKAP150C36A baseline vs. TRPV4+AKAP150C36A 

with PN; one-way ANOVA).  

Figure 6. Peroxynitrite (PN) impairs AKAP150EC anchoring of PKC in obesity. 
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Figure 6. (A) Representative merged images from en face preparations of third-order MAs 

showing IEL autofluorescence (green) and AKAP150EC immunofluorescence (red) in NFD (left) 

and HFD mice (right). (B) Quantification of AKAP150EC staining at MEPs in NFD and HFD mice 

(n = 5). (C) Quantification of TRPV4 and AKAP150 mRNA levels in homogenates of third-order 

MAs from HFD mice, expressed relative to those in NFD mice (n = 3). (D) Representative PLA 

merged images of EC nuclei (blue) and AKAP150EC:TRPV4EC co-localization (red puncta) in en 

face preparations of third-order MAs from NFD (left) and HFD (right) mice. (E) Representative 

PLA merged images of EC nuclei (blue) and AKAP150EC:PKC co-localization (red puncta) in 

third-order en face preparations of MAs from NFD (left) and HFD (right) mice. (F) Quantification 

of AKAP150EC:TRPV4EC co-localization (left) and AKAP150EC:PKC co-localization (right) in NFD 

and HFD mice. AKAP150EC:PKC co-localization was rescued by uric acid  (UA, 200 M) in HFD 

mice (n = 5; ***P < 0.001 for HFD only vs. NFD only, #P < 0.01 for UA-treated HFD vs. HFD only; 

one-way ANOVA). (G) Left, representative PLA merged images of EC nuclei (blue) and 

AKAP150EC:PKC co-localization (red) in MAs from WT mice in the absence or presence of 50 M 

SIN-1. Right, quantification of AKAP150EC:PKC co-localization (right) in WT mice in the absence 

or presence of SIN-1 (n = 5; P < 0.001 vs. Control; t-test).  (H) Schematic depicting the PN-

dependent signaling mechanism that impairs endothelial function and elevates blood pressure in 

obesity. 

For Supplemental Figures 1 to 42. go to: 

https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.119.043385  
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Supplemental Figure 43. iNOS and NOX1 are overexpressed in splenius and 

temporalis muscle arteries (STMA) isolated from obese patients 

 

 

 

Supplemental Figure 43. (A) z-stack merged images showing iNOS immunostaining (yellow) in 

STMA isolated from normal (left) and obese (right) patients. Nuclei (blue). (B) z-stack merged 

images showing NOX1 immunostaining (yellow) in STMA isolated from normal (left) and obese 

(right) patients. Nuclei (blue). 

 

 



133 
 

Supplemental Figure 44. AKAP150EC does not anchor iNOS and NOX1 at the MEPs 

in obesity 

 

Supplemental Figure 44. (A) z-stack merged images showing NOX1 immunostaining (red) in 

MAs isolated from HFD-Control (left) and HFD-AKAP150EC
-/- (right) patients. IEL (green). (B) 

Percentage of MEPs stained with NOX1 (C) z-stack merged images showing iNOS 

immunostaining (red) in MAs isolated from HFD-Control (left) and HFD-AKAP150EC
-/- (right) 

patients. IEL (green). (D) Percentage of MEPs stained with iNOS.  
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Chapter 5: Smooth muscle-derived TNF creates pathological 

inflammatory micro-domains which alter endothelial function in 

obesity 
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5.1 Introduction 

Obesity a significant cause of morbidity and mortality in the industrialized world. Recent 

statistical forecast alarms us that the number of obese adults will continue to rise by nearly one 

in two adults by 2030 in the U.S. (413). The estimated annual health care costs of obesity-

derived diseases correspond to almost 20% of the U.S. annual medical expenditure. There is a 

strong correlation between the pathogenesis of obesity and the progression of cardiovascular 

diseases (305). Ample evidence suggests that endothelial dysfunction plays a pivotal role in 

microvascular dysfunction and the underlying cause for obesity-derived hypertension (194, 288). 

Chronic systemic inflammation is a crucial feature of obesity and underscores the development 

of endothelial dysfunction (194). However, the link between specific inflammatory cytokines and 

loss of endothelial function is still unclear. Therefore, identifying inflammatory mediators 

responsible for endothelial dysfunction in obesity could provide a target against vascular 

inflammation and high blood pressure. 

In resistance arteries, local endothelial calcium (Ca2+) signals occurring through TRPV4 channel 

(Ca2+sparklets) in specialized microdomains, named myoendothelial projections (MEP) that are 

essential regulators of endothelial function (147, 287, 354, 355). Under obesity conditions, 

overexpression of pro-inflammatory enzymes iNOS and NOX1 at the MEPs causes oxidative 

stress that impairs Ca2+ sparklets leading to high blood pressure (288). However, the nature and 

source of the inflammatory stimuli underlying pathological expression of endothelial iNOS and 

NOX1 have yet to be determined.  

Tumor necrosis factor-alpha (TNF) is an inflammatory cytokine that plays a pivotal role in 

sustaining inflammation in several chronic inflammatory conditions, including obesity (401). 

TNF signals act via two receptors, TNFRI and TNFRII. TNF dependent inflammatory 

events are primarily translated by TNFRI signaling, whereas TNF signaling via TNFRII 
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seems to have protective effects (406, 439) . A large body of evidence demonstrates that TNF 

induces endothelial dysfunction through oxidative stress (17, 111, 233, 299). Adipose tissue 

(148, 173, 258) and perivascular fat tissue (PVAT) (127, 402, 429) are known to be pivotal 

sources of TNF during chronic overnutrition. However, recent findings have added the vascular 

wall as another critical source of TNF in metabolic disorders (299, 326, 403) . Nonetheless, the 

question of whether the vasculature only remains a mere target of TNF-induced inflammation or 

it also becomes an essential source of TNF remains unanswered.  

 

Pathological levels of other inflammatory cytokines such as IL-6 and IL-1 have been linked to 

obesity (418). However, TNF has been upstream and drives IL-6 and IL-1 expression (293, 

395). Indeed, cytokines work in networks, and TNF, based on its high position in the network 

hierarchy, might play a unique role in mediating obesity-derived inflammation. Therefore, the 

successful demonstration that in obesity TNF-TNFRI mediated inflammation alters the 

molecular events underlying healthy endothelial function would provide a novel insight for 

developing therapies targeting TNF-TNFRI signaling pathway. Indeed, this could result in 

novel therapeutic avenues directed against obesity-related vascular dysfunction and 

hypertension.  

 

In this report, we hypothesize that in obesity vascular derived-TNF signaling via TNFRI plays 

a significant role in generating and sustaining local inflammation of microvascular endothelium. 

We show that TNF is highly expressed in smooth muscle cells (SMC) and at the MEPs of small 

mesenteric arteries (MA) isolated from obese mice. The discovery that TNFRI is highly enriched 

on the endothelial plasma membrane side at the MEPs strengthened our hypothesis of TNF-

TNFRI generated pathological microdomains as a pivotal cause of obesity-induced endothelial 

dysfunction. Moreover, IL-6 and IL-1 levels in the vascular wall were similar between normal 
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and obese mice underlying the unique role played by TNF in mediating inflammation. Notably, 

the selective blockade of TNF-TNFRI signaling reduced endothelial overexpression of iNOS 

and NOX1 and restored TRPV4 channel activity. This led to normalization of vascular reactivity 

and blood pressure in obesity.  

Our current findings highlight the unique role played by TNF-TNFRI signaling in driving the 

disruption of the finely regulated Ca2+sparklets occurring at the MEPs, critical sites of 

communication between SMC and endothelial cells (EC). Loss of physiological EC to SMC 

communication translates into abnormal vascular reactivity. Thus, we can conclude that the 

generation and implementation of specific anti-TNFRI therapies might represent an efficacious 

way to rescue microvascular dysfunction in obesity.  

5.2 Results 

Smooth muscle cells of systemic resistance arteries are an active source of TNF 

in obesity 

Low-grade inflammation associated with obesity and diabetes is responsible for endothelial 

dysfunction and microvascular complications (18). The importance of perivascular fat tissue and 

adipose tissue in generating and sustaining inflammation in obesity is well established. In this 

scenario, the microvasculature has long been identified as one of the targets of inflammatory 

cytokines released by fat tissue (184). However, it is not clear whether smooth muscle cells 

and/or endothelial cells could be an essential source of inflammation in obesity. Recent studies 

in animal models of heart failure (438) and diabetes (326) identified vascular SMCs as the 

source of TNF. In the light of these findings, we decided to evaluate TNF levels in smooth 

muscle (SMC) and endothelial cells (EC) freshly isolated from mesenteric arteries (MA), and 

aorta of high fat (HFD) compared to regular fat diet (Normal) mice. We also measured vascular 
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wall levels of two other inflammatory cytokines, IL-1 and IL-6, linked with obesity-derived 

inflammation (97). Flow cytometry was performed to measure TNFexpression within the ECs 

and SMCs populations. The gating strategy panel (Figure 1. A-D) was designed to separate 

immune cells (CD-45+) from ECs (VE-Cadh+) and SMCs (SMC-Actine+). Following overnight 

cell fixation and membrane permeabilization, TNF levels were measured in ECs and SMCs. 

On the one hand, SMCs freshly isolated from MAs of HFD showed a significant increase in TNF 

levels compared to Normal mice (Figure 1. E, F right). On the other hand, ECs freshly isolated 

from MAs of HFD did not show a statistical difference in TNF levels compared to Normal mice 

(Figure 1. G, H right). Interestingly, TNF levels were not different in SMCs (Figure 1. E, F left) 

and ECs (Figure 1. G, H left) isolated from the aorta of HFD and Normal mice. This might 

suggest that the increase in SMC TNF level is vessel bed-size specific. On the contrary, IL-6 

(Figure 1. I, J) and IL-1 (Figure 1. K, L) levels in SMCs and ECs of aorta and MAs were not 

significantly different between Normal and HFD mice.  These observations collectively add one 

more evidence to the emerging role of SMCs as a source of TNF in pathology characterized by 

low-grade chronic inflammatory processes.  

 

 Interaction between SMC-TNF and TNFRI at the MEPs underlies the formation 

of pathological inflammatory micro-domains in obesity 

The pivotal role of localized intracellular Ca2+ signals in regulating SMCs and ECs function and 

ensuring physiological microvascular reactivity has primarily been proven (292). Most of these 

Ca2+ events occur in the spatially restricted micro domain, such as myoendothelial projections 

(MEPs) that are essential for homeostatic ECs-SMCs communication (291) . In obesity, these 

microdomains are the targets of inflammatory enzymes that cause a loss of endothelial function 
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and impaired vasodilation (288). Based on the observation that TNF expression is significantly 

increased in SMCs of MAs isolated from HFD mice (Figure 1), we hypothesized that TNFcould 

be responsible for driving the expression of inflammatory enzymes at the MEPs. Therefore, we 

performed immunostaining experiments on en face MAs to evaluate TNFspatial distribution at 

the MEPs. EC (Figure 2. A, left) and SMC (Figure 2. A, middle) layers of MAs from Normal mice 

did not show any TNF staining. 

On the contrary, the SMC layer (Figure 2. B, mid-panel) of MAs isolated from HFD mice showed 

strong TNF immunostaining, whereas TNF signal was almost absent on the ECs plane (Figure 

2. B, left panel), confirming our findings in Figure 1. High-resolution images clearly show that in 

HFD mice, strong TNFsignal, arising from the SMC layer (SMC-TNF), protrudes towards the 

MEPs (black holes) (Figure 2. C, right), whereas no signal was detected in Normal mice (Figure 

2. C, left). 3D z-stack reconstruction (Figure 2. D, right) and co-localization analysis (Figure 2. E) 

of TNFimmuno-images confirmed that TNF occupied 75% of the MEPs in HFD mice. In 

contrast, MEPs of Normal mice did not show any TNFstaining (Figure 2. D, left; Figure 2.  E). 

The pro-inflammatory cascade generated by TNF is signaled via TNFRI activation (408). 

Based on the observation that SMC-TNF is strongly compartmentalize at the MEPs of HFD 

mice (Figure. 2 B, D), we evaluated the spatial distribution of TNFRI. Immunostaining 

experiments and plot profiles revealed that TNFRI expression was similar between HFD and 

NFD mice (Figure 3. F). 

Moreover, TNFRI was spatially distributed at the MEPs (Figure 3. G). Importantly, high-

resolution images of MAs isolated from HFD mice (Figure 2. H, right) showed strong co-

localization (light purple signal) at the MEPs of SMC-TNF(red) and TNFRI (light blue), which 

was prevalently expressed on the plane of the endothelial cell. In contrast, no SMC-TNF 

staining was detected in Normal mice (Figure 4. H, left). Interestingly, TNFand TNFRI 
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fluorescent signals were unaffected by TNFRI signaling blockade (Supplemental Figure 2. A-D), 

suggesting that our model of obesity TNF influences its expression via TNFRI signaling. 

Finally, we ruled out that immune cells, a well-known source of TNF(82), were infiltrated into the 

vascular wall. Indeed, CD45 staining of en face MAs was negative in both HFD and Normal mice 

(Supplemental Figure 2. E). These results support the concept that in obesity, the SMC layer is 

the source of local vascular inflammation by producing pathological levels of TNF. Importantly, 

SMC-TNFinteraction with TNFRI at the MEPs results in the formation of localized pathological 

inflammatory micro-domains.  

Selective blockage of TNF-TNFRI signaling normalizes blood pressure in 

obesity 

TNF plays a pivotal role in initiating and sustaining inflammation and tissue damage, but it is 

also crucial in modulating immune system activation and tissue regeneration. These pleiotropic 

biological effects are due to TNFbinding to two TNF receptors (TNFRI, TNFRII) (406). A 

large body of evidence points to TNFRI as the mediator of the pro-inflammatory effects of 

TNF, whereas TNFRII has been shown to transduce the beneficial TNF biological effects 

(99, 102, 240, 257, 454) . Anti-TNF therapies implemented to normalize vascular function in 

obesity and diabetes have been giving confounding results (1, 23, 73). Notably, the observation 

that in obesity SMC-TNF co-localizes with TNFRI at MEPs (Figure 2 H, right) directed our 

decision of using a recently synthetized small molecule, R7050 (130), to selectively block 

TNFRI signaling in our mouse model of obesity-induced hypertension (288). Mice, fed for 14 

weeks on HFD, developed glucose intolerance (Supplemental Figure 1. A, B) and hypertension 

(288) (Supplemental Figure 1. C-F).  Treatment of HFD mice with a daily intraperitoneal injection 

of 10 mg/kg R7050 (177, 222) for twelve days resulted in a significant decrease of night-time 

systolic (Figure 2. A, C), diastolic (Figure 3. D, F), and mean arterial pressure (MAP) (Figure 3. 



141 
 

G, I) compared to vehicle-treated HFD mice. On the contrary, daytime systolic (Figure 3. B, C), 

diastolic (Figure 3. E, F), and MAP (Figure 3. H, I) did not show significant changes in HFD mice 

after the twelve days of drug treatment compared to vehicle. Moreover, day and night-time heart 

rate were not affected by drug treatment (Figure 3. J-L). These findings provide a proof of 

concept that selectively target TNFRI signaling represents a potential novel therapeutic avenue 

in treating obesity-induced hypertension.  

Selective inhibition of TNFRI signaling reduces iNOS and NOX1 expression at the 

MEPs in obesity 

In obesity overexpression at the MEPs of NOX1 and iNOS, reactive oxygen species (ROS) 

generating enzymes disrupts endothelial function (288). TNF, signaling via TNFRI, is a 

prominent stimulus for NOX1 and iNOS expression (176, 242, 441). Accordingly, with our 

previous study (288), NOX1 (Figure 4. C) and iNOS (Figure 4. E) were highly expressed and 

localized at the MEPs of HFD and absent in Normal mice (Figure 4. D, F). Notably, R7050 

treatment of HFD mice amply reduced NOX1 (Figure 4. C, mid-panel) and iNOS (Figure 4. E, 

mid-panel) expression normalizing them to Normal mice levels (Figure 4. C, E, right panel). 

These data support the idea that TNFRI signaling drives NOX1 and iNOS expression at the 

MEPs impairing ECs and SMCs intercellular communication essential for maintaining vascular 

homeostasis.  

Selective inhibition of TNFRI signaling rescues TRPV4 sparklets and restores 

endothelial function in obesity 

Unitary Ca2+ influx occurring through endothelial TRPV4 channels, called Ca2+ sparklets, are key 

regulators of endothelial function (287, 354). Recently, we demonstrated the importance of 

TRPV4 channels in lowering blood pressure. Importantly, obesity-derived ROS targeted TRPV4 

sparklets at the MEPs resulting in loss of endothelial-dependent vasodilation and high blood 
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pressure (288). Based on these previous findings, we sought out whether TNF-TNFRI 

signaling blockage would have resulted in the rescue of endothelial TRPV4 sparklets and 

endothelial-dependent vasodilation. The highly specific TRPV4 channel activator, GSK1016790A 

(GSK101; 3 nM), evoked TRPV4 sparklets in Normal mice (Figure 5. A, B). Significant 

impairment of TRPV4 sparklets was observed in vehicle-treated HFD mice (Figure 5. A, B), 

confirming our previous results (288). Significantly, the R7050 treatment normalized TRPV4 

sparklets activity in HFD mice (Figure 5. A, B). Similar observations were obtained by evoking 

TRPV4 sparklets with the muscarinic receptor agonist carbachol, well-known for activating 

endothelial TRPV4 sparklets (355)  (Figure 5. C, D). GSK101-induced TRPV4 channel activation 

promotes vasodilation (354) . GSK101-dependent vasodilation, largely impaired in vehicle-

treated HFD mice, was significantly rescued in MAs obtained from R7050-treated HFD mice 

(Figure 5. E). These results confirmed our hypothesis that preventing TNFRI signaling in 

obesity normalizes endothelial TRPV4 channel activity and endothelial-dependent vasodilation. 

5.3 Discussion 

We demonstrated the pathological relevance in obesity of TNF-TNFRI signaling in creating 

inflammatory microenvironments responsible for the loss of local Ca2+ signals through TRPV4EC 

channels key regulators of endothelial function. Our results identified the vascular SMC layer of 

MAs isolated from obese mice as an active source of TNF. Furthermore, we observed that 

TNFRI's preferential co-localization with SMC-derived TNF at the MEPs is a key pathological 

feature of obesity-derived endothelial dysfunction. Indeed, selective blockage of TNFRI signaling 

prevented the overexpression of NOX1 and iNOS at the MEPs and rescued TRPV4EC channel 

Ca2+ signals. Significantly, targeting TNFRI normalized microvascular function and lowered blood 

pressure in our mouse model of obesity. Thus, our findings recognize TNF-TNFRI-induced 

inflammation as a pathophysiological hallmark of obesity-derived endothelial dysfunction. Our data 
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unveil the effectiveness of selectively blocking TNFRI signaling in alleviating endothelial 

dysfunction and lowering blood pressure in obesity. This highlights the need for developing safe 

and effective anti-TNFRI therapies.  

Expression and activation of iNOS and NOX1 enzymes highly rely upon inflammatory cytokines. 

Immune cells are a pivotal source of inflammatory cytokines (49). In diseases characterized by 

chronic inflammation, such as atherosclerosis, immune cells can infiltrate the vascular wall 

generating vascular damage and endothelial dysfunction (410). Immunostaining MAs obtained 

from obese mice with pan-leucocyte marker CD-45 (Supplemental Figure 2. E) demonstrated that 

immune cells were not infiltrated within the internal elastic lamina of the vascular wall.  

Adipose tissue and perivascular fat tissue (PVAT) are well known to release vasoprotective 

molecules, such as adiponectin (429). However, in obesity, hypertrophic PVAT and white adipose 

tissue become a source of inflammatory cytokines, such as leptin, resistin, and TNF(184). TNF 

negatively modulates adiponectin release (140), leading to increased vascular NOX and iNOS 

expression responsible for oxidative-stress induced endothelial dysfunction (10, 206). Therefore, 

fat tissue-derived inflammatory cytokines may contribute to iNOS and NOX1 overexpression at the 

MEPs of MAs isolated from obese mice. This condition led us to seek out an alternative source of 

inflammation within the vascular wall. However, all ex vivo experiments in this study were 

performed on MAs completely cleaned from any fat tissue.  

Recently, it was observed that the vascular wall of small arteries obtained from obese patients is 

a key source of TNF (403). The biological activity of TNF induces NOX and iNOS expression 

within the vascular wall causing microvascular dysfunction (403, 449) . Our flow cytometry data 

(Figure 1) show high expression of TNF in SMCs isolated from MAs from obese mice. Thus, we 

identify the vascular SMC layer of MAs as a significant contributor of local TNF. Similarly, Yang 

and colleagues highlighted vascular SMC-derived TNF as an essential driver of microvascular 



144 
 

dysfunction in a mouse model of heart failure (438) . Importantly, Sauvé et al. show that SMC 

conditional deletion of TNF rescues vasodilation in a mouse model of diabetes (326) .These 

studies, together with the most recent findings by Kroetsch et al. (192), focus on the importance of 

TNF signaling within SMCs in regulating microvascular contractility. The observation (Figure 2. 

H, right) that in obesity, SMC-TNF and TNFRI, mainly expressed on the endothelium, co-

localize at the MEPs introduces a novel paradigm where local TNF-TNFRI signaling generates 

inflammatory microdomains responsible for endothelial dysfunction. Moreover, the fact that no 

significant differences in plasma inflammatory cytokines levels between HFD and Normal mice 

were detected (Supplemental Table 1) further confirms the importance of localized vascular 

inflammatory processes in obesity.    

Ca2+ events localized at the MEPs of MAs are key mediators of endothelium-dependent 

vasodilation (77). TRPV4EC channels are an essential Ca2+ entry pathway at the MEPs of MAs 

(287, 292, 354, 355). Indeed, TRPV4EC channel-induced activation of nearby Ca2+-activated 

potassium K+ channels (IK/SK channels) is a hallmark of endothelium-dependent vasodilation of 

MAs (14, 354). In obesity, NOX1 and iNOS derived oxidative stress impairs TRPV4EC channel 

activity leading to hypertension (288). In vivo treatment of obese mice with a selective inhibitor of 

TNFRI signaling (130) markedly reduced endothelial iNOS and NOX1 expression (Figure 4), 

which rescued TRPV4EC channel activity and endothelium-dependent vasodilation (Figure 5). This 

is the first direct evidence of the pivotal role of TNF-TNFRI signaling in hindering the 

physiological occurrence of TRPV4EC channels-dependent Ca2+ events. Although a flow cytometry 

assay revealed that other prominent pro-inflammatory cytokines (IL-1 and IL-6) linked to obesity 

(97) were not altered in MAs from obese mice (Figure 1. I-L), we cannot completely exclude the 

possibility that other inflammatory mediators could contribute to obesity-derived loss of TRPV4EC 

channel activity.  
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Previous studies reporting anti-TNF therapy with respect to modulation of blood pressure and 

vascular function have offered conflicting results (70, 321, 443). Here we present convincing data 

that anti-TNFRI treatment significantly reduced blood pressure in obese mice, normalizing it to 

physiological levels (Figure 3).  While our results supported a pro-hypertensive role of TNFRI , a 

large limitation of anti-TNF therapies resides in the fact that TNF mediates different biological 

functions depending upon signaling via TNFRI or TNFRII (406) . Some studies reveal a dual 

activity of TNF: a pro-inflammatory role of the TNF-TNFRI axis and an anti-inflammatory role 

of the TNF-TNFRII axis (277, 452) . On the one hand, TNFRII signaling protects the 

endothelium by promoting microvascular repair, angiogenesis, and functional flow recovery (225, 

226, 409). 

On the other hand, TNFRI signaling enhances arterial wall chemokines and promotes vascular 

inflammation (451) . It is well-established that TNFRI-mediated proinflammatory signals occur via 

TNFRI interaction with the intracellular accessory subunit tumor necrosis factor receptor (TNFR)-

associated death domain (TRADD) which, in turn, activates nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-B) (444) . Indeed, selective TNFRI inhibition suppresses 

arterial SMC inflammation by reducing NF-B activation (179). TNF-induced iNOS expression is 

prevented by knocking down NF-B expression (58)  In a randomized, double-blind study (300) 

short-term treatment of obese patients with therapeutic doses of NF-B inhibitor (189) significantly 

rescued endothelial dysfunction in peripheral conduit arteries by inhibiting endothelial NOX 

expression. Importantly, anti-NF-B treatment significantly reduced systolic blood pressure.  

Interestingly, TNFRI was shown to be functionally coupled with NOX enzymes at the plasma 

membrane via two main accessory intracellular subunits, TRADD and riboflavin kinase (RFK) (441). 

This association is essential for TNF-induced NOX1-dependent ROS production (176, 441) . 

These studies are in accordance with the protective effects of the anti- TNFRI therapy against 
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obesity-induced vascular inflammation and endothelial dysfunction reported in this manuscript. 

Indeed, R7050, the anti-TNFRI small molecule used in this study, blocks TNFRI interaction with 

TRADD (130).  Future studies implementing the recently generated TNFRI floxed mice (397) will 

provide definitive insights into the understanding of the pathophysiological role of TNFRI signaling 

in SMCs and ECs in health and disease.   

In conclusion, the results exposed in this work show that in obesity, a localized elevation of SMC-

derived TNF, signaling via TNFRI, is responsible for iNOS and NOX1 overexpression at the 

MEPs of MAs. In obesity, the deleterious effects of iNOS and NOX1 overexpression at the MEPs 

on blood pressure and TRPV4EC channels mediated vasodilation have been previously 

demonstrated (288) . Notably, anti-TNFRI therapy rescued TRPV4EC channel-mediated 

vasodilation and lowered blood pressure in obese mice. Currently, only anti-TNF therapies are 

approved for clinical use (255) . Unfortunately, blocking TNF-mediated signaling is often more 

detrimental than beneficial. The findings presented here identify a need to develop safe and 

effective anti-TNFRI therapies as novel treatments against obesity-dependent microvascular 

dysfunction.   
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Figure1. Smooth muscle cells of systemic resistance arteries are an active source 

of TNF in obesity 
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Figure1. Flow cytometry gating strategy for sorting out smooth muscle (SMC) and endothelial 

(EC) cells freshly isolated from aorta and third order mesenteric arteries of Normal and HFD 

mice. A, cell population is separated from debris based on forward-scatter area (FSC-A) and 

side-scatter area (SSC-A) gate. B, Live cells are discriminated from dead cells using a live/dead-

yellow stain kit. C, SMCs and ECs are separated from immune cells by using a CD45 gate. D, 

SMC and EC populations are defined based on expression of smooth muscle -actin (SMC -

actin) and vascular endothelial cadherin (VE-Cadh), respectively. E, scatter plot showing mean 

fluorescent intensity (MFI) of tumor necrosis factor  (TNF) immunostaining in SMCs freshly 

isolated from aorta (left) and MAs (right) of Normal and HFD mice. MFI is normalized to Normal 

mice. Each dot represents a different mouse (n=6, Welch’s t-test). F, Representative MFI plot 

showing TNF staining intensity in SMCs freshly isolated from aorta (left) and MAs (right) of 

Normal and HFD mice. G, scatter plot showing MFI of TNF immunostaining in ECs freshly 

isolated from aorta (left) and MAs (right) of Normal and HFD mice. MFI is normalized to Normal 

mice. Each dot represents a different mouse (n=6, Welch’s t-test) H, representative MFI plot 

showing TNF staining intensity in ECs freshly isolated from aorta (left) and MAs (right) of 

Normal and HFD mice. I, scatter plot showing mean fluorescent intensity (MFI) of interleukin-6 

(IL-6) immunostaining in SMCs freshly isolated from aorta (left) and MAs (right) of Normal and 

HFD mice. MFI is normalized to Normal mice. Each dot represents a different mouse. (n=4-5, 

Welch’s t-test). J, scatter plot showing MFI of IL-6 immunostaining in ECs freshly isolated from 

aorta (left) and MAs (right) of Normal and HFD mice. MFI is normalized to Normal mice. Each dot 

represents a different mouse (n=4-5, Welch’s t-test). K, scatter plot showing MFI of interleukin-1 

(IL-1) immunostaining in SMCs freshly isolated from aorta (left) and MAs (right) of Normal and 

HFD mice. MFI is normalized to Normal mice. Each dot represents a different mouse (n=4-5, 

Welch’s t-test). L, scatter plot showing MFI of IL-1 immunostaining in ECs freshly isolated from 
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aorta (left) and MAs (right) of Normal and HFD mice. MFI is normalized to Normal mice. Each dot 

represents a different mouse (n=4-5, Welch’s t-test) 
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Figure 2. Interaction between SMC-TNF and TNFRI at the MEPs underlies the 

formation of pathological inflammatory micro-domains in obesity 
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Figure 2. A, representative images from en face preparations of third-order MAs isolated from 

Normal mice showing EC plane (left), SMC plane (middle) and merged z-stack (right), black 

holes represent MEPs. IEL autofluorescence (green) and nuclei (blue). B, representative images 

from en face preparations of third-order MAs isolated from HFD mice showing EC plane (left), 

SMC plane (middle) and merged z-stack (right), black holes represent MEPs. IEL 

autofluorescence (green), TNF (red), and nuclei (blue). C, representative merged z-stack 

images from en face preparations of third-order MAs isolated from Normal (left) and HFD (right) 

mice showing IEL autofluorescence (green), TNF (red), nuclei (blue), MEPs (black holes). 

Insets below and on the right of the images show 3D z-stack view of X and Y axis. D, 

representative merged z-stack images from en face preparations of third-order MAs isolated from 

Normal (left) and HFD (right) mice showing IEL autofluorescence (green), TNF (red), nuclei 

(blue), MEPs (black holes).  Small rectangle identifies 2 MEPs within the field of view. The trace 

above the rectangle indicates a representative fluorescence intensity plot profile for 0.2 µm thick 

line across the 2 MEPs. Green line, IEL; red line, TNF. E, percentage of MEPs occupied by 

TNF (n = 5; Welch’s t-test). F, representative merged z-stack image from en face preparations 

of third-order MAs isolated from vehicle-treated HFD mice (left) and Normal (right) mice. IEL 

autofluorescence (green), TNFRI (red), black holes, MEPs. Small rectangles identify 2 MEPs 

within the field of views. Traces above the rectangles indicate a representative fluorescence 

intensity plot profile for 0.2 µm thick line across the 2 MEPs. Green line, IEL; red line, TNFRI. 

G, percentage of MEPs occupied by TNFRI (n = 5; Welch’s t-test). H, representative merged z-

stack image from en face preparations of third-order MAs isolated from Normal (left) and HFD 

(right) mice showing IEL autofluorescence (green), TNF (red), TNFRI (light blue), TNF-

TNFRI co-localization (purple), and MEPs (black holes). Insets magnify sites of TNF-TNFRI 

co-localization (purple) at the MEPs of HFD mice (right) and TNFRI (light blue) expression 

alone at the MEPs of Normal mice (left).   
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Figure 3. Selectively blockage of TNFRI signaling normalizes blood pressure in 

obesity 
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Figure 3. A, scatter plot of systolic blood pressure (mmHg) recorded at night (6PM-6AM) in 

vehicle-treated HFD and R7050-treated HFD mice. N0 and N12 represent systolic blood 

pressure values at baseline and after twelve days of daily vehicle/R7050 treatment, respectively 

(n=4, vehicle-treated HFD mice; n=5, R7050-treated HFD mice). B, scatter plot of systolic blood 

pressure (mmHg) recorded during the day (6AM-6PM) in vehicle-treated HFD and R7050-treated 

HFD mice. D0 and D12 represent systolic blood pressure values at baseline and after twelve 

days of daily vehicle/R7050 treatment, respectively (n=4, vehicle-treated HFD mice; n=5, R7050-

treated HFD mice). C, changes in systolic blood pressure (night and day) in vehicle-treated HFD 

and R7050-treated HFD mice after twelve days of daily treatment (n=4, vehicle-treated HFD 

mice; n=5, R7050-treated HFD mice). D, scatter plot of diastolic blood pressure (mmHg) 

recorded at night (6 PM-6 AM) in vehicle-treated HFD and R7050-treated HFD mice. N0 and N12 

represent diastolic blood pressure values at baseline and after twelve days of daily 

vehicle/R7050 treatment, respectively (n=4, vehicle-treated HFD mice; n=5, R7050-treated HFD 

mice). E, scatter plot of diastolic blood pressure (mmHg) recorded during the day (6 AM-6 PM) in 

vehicle-treated HFD and R7050-treated HFD mice. D0 and D12 represent diastolic blood 

pressure values at baseline and after twelve days of daily vehicle/R7050 treatment, respectively 

(n=4, vehicle-treated HFD mice; n=5, R7050-treated HFD mice). F, changes in diastolic blood 

pressure (night and day) in vehicle-treated HFD and R7050-treated HFD mice after twelve days 

of daily treatment (n=4, vehicle-treated HFD mice; n=5, R7050-treated HFD mice).  G, scatter 

plot of mean arterial pressure (mmHg) recorded at night (6PM-6AM) in vehicle-treated HFD and 

R7050-treated HFD mice. N0 and N12 represent mean arterial pressure values at baseline and 

after twelve days of daily vehicle/R7050 treatment, respectively (n=4, vehicle-treated HFD mice; 

n=5, R7050-treated HFD mice). H, scatter plot of mean arterial pressure (mmHg) recorded 

during the day (6AM-6PM) in vehicle-treated HFD and R7050-treated HFD mice. D0 and D12 

represent mean arterial pressure values at baseline and after twelve days of daily vehicle/R7050 

treatment, respectively (n=4, vehicle-treated HFD mice; n=5, R7050-treated HFD mice). I, 
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changes in mean arterial pressure (night and day) in vehicle-treated HFD and R7050-treated 

HFD mice after twelve days of daily treatment (n=4, vehicle-treated HFD mice; n=5, R7050-

treated HFD mice). G, scatter plot of heart rate (Bpm) recorded at night (6PM-6AM) in vehicle-

treated HFD and R7050-treated HFD mice. N0 and N12 represent heart rate values at baseline 

and after twelve days of daily vehicle/R7050 treatment, respectively (n=4, vehicle-treated HFD 

mice; n=5, R7050-treated HFD mice). H, scatter plot of heart rate (Bpm) recorded during the day 

(6AM-6PM) in vehicle-treated HFD and R7050-treated HFD mice. D0 and D12 represent heart 

rate values at baseline and after twelve days of daily vehicle/R7050 treatment, respectively (n=4, 

vehicle-treated HFD mice; n=5, R7050-treated HFD mice). I, changes in heart rate (night and 

day) in vehicle-treated HFD and R7050-treated HFD mice after twelve days of daily treatment 

(n=4, vehicle-treated HFD mice; n=5, R7050-treated HFD mice).  
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Figure 4. Selectively blockage of TNFRI signaling reduces iNOS and NOX1 

expression at the MEPs in obesity 

 

Figure 4. A, representative merged z-stack image from en face preparations of third-order MAs 

isolated from HFD (left), R7050-treated HFD (middle), and Normal mice. IEL autofluorescence 

(green), NOX1 (red), MEPs (black holes). Insets below and on the right of the images show 3D 

z-stack view of X and Y axis. Small rectangles identify 2 MEPs within the field of views. Traces 

above the rectangles indicate a representative fluorescence intensity plot profile for 0.2 µm thick 

line across the 2 MEPs. Green line, IEL; red line, NOX1. B, percentage of MEPs occupied by 
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NOX1 (n = 5; one-way ANOVA). C, representative merged z-stack image from en face 

preparations of third-order MAs isolated from vehicle-treated HFD (left), R7050-treated HFD 

(middle), and Normal mice. IEL autofluorescence (green), iNOS (red), MEPs (black holes). Insets 

below and on the right of the images show 3D z-stack view of X and Y axis. Small rectangles 

identify 2 MEPs within the field of views. Traces above the rectangles indicate a representative 

fluorescence intensity plot profile for 0.2 µm thick line across the 2 MEPs. Green line, IEL; red 

line, iNOS. D, percentage of MEPs occupied by iNOS (n = 5; one-way ANOVA). 

Figure 5. Selectively blockage of TNFRI signaling in obesity rescues TRPV4 

sparklets and restores endothelial-dependent vasodilation 

 

Figure 5. A, GSK101-induced (3 nM) TRPV4EC sparklet activity per cell (n = 5; one-way 
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ANOVA); B, GSK101-induced (3 nM) TRPV4EC sparklet activity, expressed as NPo per site (n = 

5; one-way ANOVA). C, representative F/F0 traces from TRPV4EC sparklet sites (20 M CPA + 

GSK101, 3 nM) in Fluo-4-loaded en face preparations of MAs from Untreated-Normal and 

R7050-treated Normal mice. Dotted red lines indicate quantal levels. D, representative F/F0 

traces from TRPV4EC sparklet sites (CPA, 20 M + GSK101, 3 nM) in Fluo-4-loaded en face 

preparations of MAs from Untreated-HFD and R7050-treated HFD mice. Dotted red lines indicate 

quantal levels. E, CCh-induced (10 M) TRPV4EC sparklet activity per cell (n = 5; one-way 

ANOVA); F, CCh-induced (10 M) TRPV4EC sparklet activity, expressed as NPo per site (n = 5; 

one-way ANOVA). G, representative F/F0 traces from TRPV4EC sparklet sites (CPA, 20 M + 

CCh, 10 M) in Fluo-4-loaded en face preparations of MAs from Untreated-Normal and R7050-

treated Normal mice. Dotted red lines indicate quantal levels. H, representative F/F0 traces from 

TRPV4EC sparklet sites (CPA, 20 M + CCh, 10 M) in Fluo-4-loaded en face preparations of 

MAs from Untreated-HFD and R7050-treated HFD mice. Dotted red lines indicate quantal levels. 

I, Percent dilation of MAs in response to GSK101 (3 to 30 nM; n = 5; *Normal vs. vehicle-HFD; 

#R7050-HFD vs. vehicle-HFD, one-way Anova). 

 

 

 

 

 

 

 

 

 

 



158 
 

 

 

Figure 6. Schematic representation of the formation of pathological MEPs in 

obesity driven by the interaction between SMC-TNF and TNFRI. 
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Supplemental Figure 1. HFD mice are glucose intolerant and hypertensive 

 

Supplemental Figure 1. A, plasma glucose concentrations during the intraperitoneal glucose 

tolerance test (1.5 g/kg) following 24 hours of fasting in Normal (blue) and HFD (red) mice. B, 

scatter plot of area under the curve (AUC) for glucose calculated using the trapezoidal rule. Each 

data point represents a mouse (n=4; Welsh’s t-test). C, scatter plot of baseline mean arterial 

pressure (mmHg) of Normal and HFD mice recorded during the day (left) and night (right). Each 
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data point represents a mouse (n=5; Welsh’s t-test). D, scatter plot of baseline heart rate (Bpm) 

of Normal and HFD mice recorded during the day (left) and night (right). Each data point 

represents a mouse (n=5; Welsh’s t-test). E, scatter plot of baseline systolic blood pressure 

(mmHg) of Normal and HFD mice recorded during the day (left) and night (right). Each data point 

represents a mouse (n=5; Welsh’s t-test). F, scatter plot of diastolic blood pressure (mmHg) of 

Normal and HFD mice recorded during the day (left) and night (right). Each data point represents 

a mouse (n=5; Welsh’s t-test). 
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Supplemental Figure 2. TNF-TNFRI signaling does not influence smooth muscle 

TNF expression in obesity 

 

Supplemental Figure 2. A, representative images from en face preparations of third-order MAs 

isolated from R7050-treated HFD mice showing EC plane (left), SMC plane (middle) and merged 

z-stack (right), black holes represent MEPs. IEL autofluorescence (green), TNF (red), and 

nuclei (blue). B, percentage of MEPs stained with TNF (n = 5; one-way ANOVA). C, 

representative merged z-stack image from en face preparations of third-order MAs isolated from 

R7050-treated HFD mice mice. IEL autofluorescence (green), TNFRI (red), black holes, 
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MEPs.  Inset images represent volumetric 3D rendering of TNFRI (red) localization at the MEPs 

(black holes). Small rectangles identify 2 MEPs within the field of views. Traces above the 

rectangles indicate a representative fluorescence intensity plot profile for 0.2 µm thick line across 

the 2 MEPs. Green line, IEL; red line, TNFRI. D, percentage of MEPs stained with TNFRI (n = 

5; one-way ANOVA). 

Supplemental Table 1. Plasma inflammatory cytokines levels are not different 

between HFD and Normal mice 

Cytokine Normal mice HFD mice HFD mice - 

Vehicle Treated 

HFD mice - 

R7050 Treated 

TNF (pg/ml) 2.71 ± 0.25 2.51 ± 0.45 2.84 ± 0.55 2.41 ± 0.44 

Il-1 (pg/ml) 2.12 ± 1.86 1.38  ± 1.12 0.26  ± 0.06 24.45  ± 24.19 

IL-1 (pg/ml) N/D N/D N/D N/D 

IL-6 (pg/ml) 1.66 ± 1.18 5.08 ± 2.61 1.39 ± 0.2 2.58  ± 1.05 

IL-10 (pg/ml) 0.84 ± 0.01 4.63 ± 3.31 0.85  ± 0.01 1.03 ± 0.2 

 

Mean ± SEM; N/D = Not Detected 
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Chapter 6: Future Directions 
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The importance of endothelial AKAP150-TRPV4 signaling at the MEPs in regulating endothelial 

function and lowering blood pressure was evident by the increased blood pressure recorded in 

endothelial specific TRPV4 (TRPV4EC ) and AKAP150 (AKAP150EC) knock out  mice (Chapter 4, 

Figure 1). Importantly, in obesity overexpression at the MEPs of NOX1 and iNOS impairs 

TRPV4EC-AKAP150EC signaling resulting in pathological increase of blood pressure (Chapter 4). 

The well-known pro-inflammatory cytokine TNF, signaling via TNFRI, is responsible for  

NOX1 and iNOS overexpression at the MEPs (Chapter 5, Figure 4). Indeed, selective blockage 

of TNFRI lowers NOX1 and iNOS overexpression and blood pressure in obesity (Chapter 5, 

Figure 3, 4). Our flow cytometry data (Chapter 5, Figure 1) and high-resolution immunostaining 

images (Chapter 5, Figure 2) reveal that high TNF expression can be observed within the SMC 

layer of MAs isolated from obese mice. Interestingly, a few other studies reported a pathological 

increase of SMC-TNF expression and its importance in augmenting microvascular contractility 

under different disease conditions (192, 326) . To understand the significance of SMC-TNF in 

causing endothelial inflammation in obesity, we have generated conditional SMC-TNF knockout 

mice (TNFSMC
-/-). Blood pressure recording, plasma collection, and ex vivo experiments will be 

performed on obese TNFSMC
-/- mice. We are interested in assessing microvascular reactivity, 

TRPV4EC channel function, NOX1, and iNOS expression levels and measuring plasma levels of 

pro-inflammatory circulating cytokines (IL-6, IL-1, TNFIL-10, INF-). If obese TNFSMC
-/- mice 

display lower blood pressure levels, reduced iNOS and NOX1 expression at the MEPs, and 

normalized TRPV4EC channel activity, these data will indisputably confirm the pathological role of 

SMC-TNF in mediating obesity-induced endothelial dysfunction. 

Moreover, the pro-inflammatory circulating cytokines panel will give us a clue whether SMC-

TNF can influence plasma levels of other pro-inflammatory cytokines. As already amply 

discussed in Chapter 5, the proinflammatory effects of TNFare signaled by TNFRI. TNFRI is 
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highly expressed on the endothelium plane and localized at the MEPs of MAs (Chapter 5, Figure 

2. H). From the pivotal discovery that TNFRI blockage normalizes blood pressure in obesity 

(Chapter 5, Figure 3) we are planning on generating inducible TNFRIEC
-/-  and TNFRISMC

-/- 

mice to unravel the importance and role played by TNFRIEC and TNFRISMC in influencing 

microvascular homeostasis under pathological as well as physiological conditions.  

 

TNF-TNFRI-NF-B signaling in obesity 

The transcriptional factor NF-B is the main mediator of the inflammatory cascade activated by 

TNF-TNFRI (294, 407). Although TNF-induced NF-B activation has been linked with 

increased NOX1 (235, 427) and iNOS (58, 343) expression and activity, we are interested in 

confirming this link in our obesity model with two separate sets of experiments:  

 

1. Obese and normal mice, after two weeks of daily treatment with R7050 (TNFRI inhibitor, 

Chapter X) or vehicle control, will be sacrificed, and MAs will be collected. 

Immunostaining for the active form of NF-B (p65- NF-B) will be performed. We expect 

to see increased nuclear translocation of NF-B in MAs from vehicle-treated obese mice 

compared to normal and R7050 treated obese mice. Following, we will solidify the 

findings by implementing a commercially available NF-B reporter mouse fed a high-fat 

diet. 

 

2. Obese and normal mice, after two weeks of treatment with the specific NF-B nuclear 

translocation inhibitor (JSH-23) (146, 343) or vehicle control, will be sacrificed, and MAs 

will be collected. We will measure NOX1, iNOS, and TNF levels via flow cytometry, 

immunostaining, and RT-PCR. Moreover, we will confirm the inhibition of NF-B nuclear 

translocation via immunostaining and western blot. We expect to see higher iNOS, 
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NOX1, and TNF levels and strong NF-B nuclear translocation in MAs from vehicle 

treated obese mice than normal, and JSH-23 treated obese mice. Preliminary data 

(Figure 1) show a promising significant reduction in NOX1 staining following JSH-23 

treatment of obese mice.  

 

These above-mentioned experiments will enable us to directly link TNF-TNFRI dependent NF-

B activation and iNOS and NOX1 endothelial expression in our mouse model of obesity.  

 

High intraluminal pressure, SMC Ca2+ signals, and arterial wall inflammation: 

missing links 

The nature and source of the stimuli underlying the increase in SMC-TNF expression in obesity 

remain unknown. Blood volume has been reported to increase with body mass index (BMI) 

significantly. Indeed, obese subjects have a larger plasma volume and fluid overload (6, 203, 

249) . Fluid overload causes increased arterial intraluminal pressure (417). In small resistance 

arteries, the intraluminal pressure determines an increase in SMC intracellular Ca2+, leading to 

vasoconstriction (myogenic tone) (182) . While much is known on the role of inflammatory 

cytokines released by hypertrophic adipose tissue for driving vascular inflammation, far less clear 

is whether high pressure can directly contribute to inflammation.   

Our preliminary data suggest that the high intraluminal pressure triggers SMC-TNF expression. 

Indeed, MAs isolated from C57BL/6J mice and pressurized at 120 mmHg for 5 hours show 

intense SMC-TNF staining compared to the MAs pressurized at 60 mmHg (Figure 2). Next, we 

are planning on understanding the molecular mechanism underlying these phenomena.  

 

L-type Ca2+ channels (LTCC) hypothesis  
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LTCC is the major SMC Ca2+ entry pathway responsible for myogenic tone development (292). 

Pressure-induced LTCC-mediated  Ca2+ influx can modulate gene expression via stimulation of 

the Ca2+/calmodulin-dependent phosphatase calcineurin (CaN) and subsequent activation and 

nuclear translocation of the transcription factor (NFATc3) (120, 272, 278) . AKAP150 ensures 

spatial proximity between LTCC-CaN, essential for NFATc3 activation (283). Importantly, 

NFATc3 promotes TNF expression as macrophages isolated from NFATc3-/- obese mice show 

lower TNF levels (151). Therefore, it is possible that under pressure 

overload AKAP150/CaN/NFATc3 axis may be critical for the pathophysiological induction of 

SMC-TNF expression. 

Furthermore, TNF expression is largely regulated by the transcription factor NF-B (74) . 

Intracellular Ca2+ is known to activate NF-B via Ca2+/calmodulin-dependent protein kinase II 

(CamKII)-dependent phosphorylation of IB kinase (IKK) (171, 213), which is responsible for IB 

phosphorylation and its subsequent degradation. Indeed, Ikeda and colleagues have 

demonstrated that Ca2+ entry through LTCC activates NF-B via CamKII (157). Therefore, the 

LTCC-CaMKII-NF-B pathway could also be a key driver of SMC- TNF expression under 

pressure overload conditions.  

To establish the importance of LTCC and downstream activated signaling pathways in possibly 

regulating SMC-TNF expression (Figure 3) we are planning to proceed as follows: 

 

1. Establish the importance of LTCC-AKAP150 signaling in driving pressure-

induced SMC-TNF expression  

 

a.  LTCC: MAs, isolated from C57BL6 mice, will be pressurized at 120 mmHg for 4 hours in 

the presence or absence of the LTCC blocker Nifedipine (375) followed by immunostaining, RT-



168 
 

PCR, and western blot (WB) for TNF. If LTCC are involved in mediating pressure-induced 

increase of SMC-TNF expression, MAs incubated with Nifedipine will show low TNF signal. 

 

b. SMC AKAP150: Recently, we have generated conditional smooth muscle knockout of 

AKAP150 (AKAP150SMC
-/-) mice in our laboratory. MAs isolated from AKAP150SMC

-/- and 

respectively control (Cre -; AKAP150SMC
-/-) mice will be pressurized at 120 mmHg for 4 hours, 

followed by immunostaining, RT-PCR, and western blot for TNF. If SMC AKAP150 is essential 

for the pressure-induced increase of SMC-TNF expression, MAs isolated from AKAP150 SMC
-/- 

will have low TNF expression compared to control. 

 

c. LTCC-AKAP150 signaling: MAs isolated from AKAP150SMC
-/- will be pressurized at 120 

mmHg for 4 hours in the presence or absence of Nifedipine. Immunostaining, RT-PCR, and WB 

for TNF will be performed.  If the LTCC-AKAP150 axis is a pivotal regulator of pressure-induced 

SMC-TNF expression, TNF levels in MAs of AKAP150SMC
-/- will be low and unaffected by 

Nifedipine treatment.   

 

2. Determine whether AKA150-CaN axis plays a crucial role in driving 

pressure-induced SMC-TNF 

 

a. CaN : MAs, isolated from C57BL6, will be pressurized for 4 hours in the presence or 

absence of calcineurin inhibitors (Cyclosporin A or FK506) (273, 278) , followed by TNF mRNA 

levels and protein levels will be assessed. If CaN is involved in high pressure-stimulated SMC-

TNF expression, MAs treated with CaN inhibitors will show lower TNF levels. 
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b. AKAP150-CaN signaling: MAs, isolated from AKAP150SMC
-/- mice, will be pressurized at 

120 mmHg for 4 hours in the presence of CaN inhibitors. If AKAP150-CaN coupling is essential 

for pressure-induced SMC-TNF expression, SMC-TNF mRNA and protein levels in MAs 

isolated from AKAP150SMC
-/- mice will be low and unaffected by CaN inhibition.  

 

3. Establish whether NFATc3 is activated by high pressure and important in 

driving pressure-induced SMC-TNF expression 

 

a. High-pressure induced NFATc3 activation: Dephosphorylation of NFATc3 on serine 

265 (p-NFATc3265) is required for NFATc3 nuclear translocation and gene expression modulation 

(281) . MAs isolated from C57BL6 will be pressurized at 60 and 120 mmHg for 4 hours. We will 

then measure the difference in p-NFATc3265 between MAs pressurized at 60 versus 120 mmHg. 

If high pressure induces NFATc3 nuclear translocation, we expect to detect lower p-NFATc3265 in 

MAs at 120 mmHg compared to 60 mmHg. 

 

b. High-pressure induced SMC-TNF expression, dependent upon NFATc3 activation: 

MAs, isolated from NFATc3-/- (commercially available) and C57BL6 mice, will be pressurized at 

120 mmHg for 4 hours. TNF mRNA and protein levels will then be measured. If NFATc3 is 

directly involved in enhancing pressure-induced SMC-TNF expression, SMC-TNF levels will 

be lower in MAs from NFATc3-/- mice compared to C57BL6.  

 

4. Determine whether NF-B is activated by high pressure and responsible for 

increase SMC-TNF expression 
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a. High-pressure induced NF-B activation: MAs isolated from C57BL6 mice will be 

pressurized at 60 and 120 mmHg for 4 hours. We will then measure the difference in NF-B 

nuclear translocation between MAs pressurized at 60 versus 120 mmHg. If high pressure 

induces NF-B nuclear translocation, we expect a higher nuclear NF-B staining in MAs at 120 

mmHg compared to 60 mmHg. We will then further confirm these findings by implementing the 

commercially available NF-B luciferase reporter mice. 

 

b. High-pressure induced SMC-TNF expression, dependent upon NF-B activation: 

MAs, isolated from C57BL6 mice, will be pressurized at 120 mmHg for 4 hours in the presence 

or absence of the NF-B inhibitor (JSH-23). TNF mRNA and protein levels will then be 

measured. If NF-B is directly involved in enhancing pressure-induced SMC-TNF expression, 

TNF levels will be lower in MAs treated with JSH-23.  

 

Caveolae-Caveolin1/Piezo1 channel hypothesis  

A recent report by Michell et al. shows that high intraluminal pressure is directly responsible for 

endothelial inflammation. The authors show that high intraluminal pressure enhances NF-B 

activation and vascular inflammation (248) . This process is mediated by the mechanosensory 

properties of caveolae-caveolin1 microdomains (248, 341) . Caveolae are specialized membrane 

lipid rafts coated with caveolin scaffolding proteins (Cav1-3), caveolin1 being the main one 

expressed in SMC (337) . However, the mechanism underlying the mechanosensitive properties 

of caveolae-caveolin1 and their link with vascular inflammation are still largely unclear. 

Interestingly, caveolae microdomains harbor the neutral sphingomyelinase enzyme (N-SMase) 

and its substrate, sphingomyelin (SPH), which have been shown to be essential for caveolae-

dependent mechanotransduction (62) . A recent study by Shi et al. purports to reveal the missing 
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component for explaining the mechanosensory properties of caveolae-caveolin1 microdomains. 

In fact, Shi and colleagues demonstrated that the gating properties of the mechanically activated 

non-selective cation channel Piezo1 are highly influenced by N-SMase activity and by the 

presence of sphingomyelin. Briefly, N-SMase converts sphingomyelin into ceramide (CER), 

which disables the inactivation gate of Piezo1, ensuring long-lasting Piezo1-dependent Ca2+ 

entry in response to force (340) . Indeed, Piezo1 channels were shown to be expressed within 

caveolae-caveolin1 microdomains (207) and implicated in mediating SMC remodeling (310) and 

increased TNF expression (13). Piezo1-dependent Ca2+ entry has been linked with 

Ca2+/calmodulin-dependent protein kinase II (CaMKII) activation (353, 369), which engages NF-

B via CamKII-dependent phosphorylation of IB kinase (IKK) (213). As previously mentioned, 

NF-B positively modulates TNF expression (50, 294) . 

We are planning on testing the physiological relevance of this hypothetical model (Figure 3) with 

the following experiments: 

  

1. Establish whether SMC Caveolin-1 (Cav-1) is directly involved in promoting 

pressure-induced SMC-TNF expression  

In the Sonkusare laboratory, smooth muscle conditional knockout Caveolin-1 (Cav-1SMC
-/-) 

mice have been generated. MAs, isolated from Cav-1SMC
-/- and respectively control (Cre -; 

Cav-1SMC
-/-) mice, will be pressurized at 120 mmHg for 4 hours. Following, we will perform 

RT-PCR, Western blot, and immunostaining for TNF. If SMC Cav-1 is a crucial element 

behind the high pressure-induced SMC-TNF phenomena, we expect to detect low TNF 

levels in the MAs isolated from Cav-1SMC
-/- 
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2. Determine whether SMC Piezo1-Sphingomyelin/Ceramide signaling is a 

critical element of the high pressure-induced SMC-TNF upregulation 

phenomena  

            In the Sonkusare laboratory, smooth muscle conditional knockout Piezo1 (Piezo1SMC
-/-) 

mice have been generated.  

 

a. SMC Piezo1 channel: MAs, isolated from Piezo1SMC
-/- and respective control (Cre - ; 

Piezo1SMC
-/-) mice, will be pressurized at 120 mmHg for 4 hours. Following, we will measure 

TNF mRNA and protein levels. If SMC Piezo1 channels are directly involved in mediating high 

pressure-induced SMC-TNF overexpression, we expect to detect lower TNF levels in MAs of 

Piezo1SMC
-/- compared to control mice.  

 

b. Sphingomyelin/Ceramide:  MAs, isolated from Piezo1SMC
-/- and control (Cre-; Piezo1SMC

-

/-) mice, will be pressurized at 120 mmHg for 4 hours in the presence or absence of the N-SMase 

inhibitor, GW4869 (89) .  Following, we will perform RT-PCR, Western Blot, and immunostaining 

for TNF. If the conversion of sphingomyelin into ceramide, catalyzed by N-SMase, is essential 

for enabling Piezo1 channel induced SMC-TNF expression, we expect to measure low TNF 

levels in MAs from control mice incubated with GW4869 compared to untreated MAs from control 

mice. Moreover, TNF levels in MAs isolated from Piezo1SMC
-/- will be low and not affected by 

GW4869 treatment. We will then further validate the findings with the use of N-SMase-/- mice 

(196)   

 

c. Sphingomyelin/Ceramide (rescue experiment): MAs, isolated from Piezo1SMC
-/- and 

control (Cre-; Piezo1SMC
-/-) mice, will be pressurized at 120 mmHg for 4 hours in the presence of 

the N-SMase inhibitor, GW4869, and in the presence or absence of ceramide. Following, we will 
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perform RT-PCR, Western Blot, and immunostaining for TNF. If the conversion 

of sphingomyelin into ceramide, catalyzed by N-SMase, is essential for enabling Piezo1 channel 

induced SMC-TNF expression, we expect that TNF levels will be higher in MAs of control mice 

incubated with GW4869+ceramide compared to MAs of control mice incubated with GW4869 

only. Moreover, TNF levels in MAs isolated from Piezo1SMC
-/- will be low and not be affected by 

any pharmacological treatment.  

  

3. Establish the physiological relevance of the Cav-1-Piezo1 axis in mediating 

pressure-induced SMC-TNF expression  

MAs, isolated from Cav-1SMC
-/- mice, will be pressurized at 120 mmHg for 4 hours in the presence 

or absence of the specific Piezo1 channel agonist Yoda1 (30) . Following this, we will measure 

TNF mRNA and protein levels. If Cav-1 is a necessary component for Piezo 1 channel-

mediated increase in SMC-TNF expression, we expect to detect high TNF levels in MAs 

incubated with Yoda1 compared to the untreated MAs.  

  

 The experiments listed above represent essential steps for investigating a possible link between 

the pressure-dependent increase of extracellular calcium influx into SMC and SMC-TNF 

expression. Indeed, many other molecular players that we have not considered or described 

could also be involved in this process. Notably, Gq protein-coupled receptors (GqPCR) have 

been posited as another critical signaling pathway that can sense and transduce mechanical 

stretch (243). Pressure-induced GqPRC activation engages phospholipase C (PLC)- 

diacylglycerol (DAG) - Inosytol-3-phosphate (IP3) signaling pathway, which triggers IP3 receptor-

dependent Ca2+ release from endoplasmic-sarcoplasmic reticulum (ER/SR), and likely Ca2+ entry 

via TRPC6 channels  (119). Therefore, high pressure-dependent upregulation of SMC-TNF 

could be mediated by Ca2+ entry via TRP channels and SR/ER-dependent Ca2+ release. 
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Another critical system is the sympathetic nervous system (SNS) which can largely contribute to 

an increase in SMC intracellular Ca2+. Indeed, in obesity, the pathological over activation of the 

SNS has been well documented (129). Different mechanisms have been proposed to explain this 

phenomenon (129), which still remains largely unknown. Sympathetic stimulation of alpha 1 

adrenergic receptor (α1AR) results in increased SMC-intracellular cytosolic Ca2+ levels via LTCC 

and IP3R activation (217, 250). α1AR activation seems to potentiate Ca2+ influx via LTCC 

through CaMKII stimulation (162). This body of evidence justifies the hypothesis that in obesity, 

SNS over-activation increases SMC-intracellular Ca2+ and promotes CaMKII activation. These 

events could be driving SMC inflammation via Ca2+-dependent NF-B activation (208) . Future 

studies using the commercially available transgenic mice expressing the light-sensitive effector 

protein Opto-α1AR in smooth muscle cells could shed lights on the possible role played by α1AR 

in mediating SMC inflammation.  

 

Finally, the last important aspect that needs to be considered is the emerging role of the adipose 

tissue as an essential factor in regulating many pathological processes. Indeed, in obesity, there 

is a significant expansion of the white adipose tissue known to release adipocytokines which are 

thought to provide a strong link between obesity and inflammatory processes (195, 418) . Leptin 

is one of the more abundant pro-inflammatory adipocytokines released in obesity (105). Indeed, 

leptin was shown to promote TNF expression in immune cells (202). SMC cells are known to 

express leptin receptors (LEP-R) (330). Significantly, SMC-conditional deletion of leptin receptor 

rescues endothelial-dependent vasodilation in obesity (315). Resistin is another important pro-

inflammatory adipocytokine (362) that has been shown to mediate pathological SMC proliferation 

(27, 54) and to induce TNF expression (3, 127) strongly. Recently, Jiang et al. demonstrated an 

essential role of resistin in mediating hypertension and insulin resistance via toll-like receptor 4 
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(TLR4) activation (165). Activation of TLR4 stimulates the expression of pro-inflammatory 

cytokines in arterial human and mouse SMC (440), thereby promoting a pro-inflammatory 

phenotypic switch in SMC. Indeed, overwhelming evidence demonstrate that adipocytokines, 

such as leptin and resistin, play a crucial role in mediating pro-inflammatory phenomenon. This 

support the idea that these cytokines might be also involved in promoting the pathological 

increase in SMC- TNF expression that we have detected in obesity (Chapter 5). 

 

To conclude, it can clearly be stated that obesity is a multifactorial disease characterized by 

many different dysfunctional cellular mechanisms. The above-described experiments and short 

literature review (Figure 3) give a solid base on where to begin looking for critical molecular 

signaling pathways responsible for increased SMC-TNF expression. It is reasonable to expect 

that multiple mechanisms will be involved at once. Therefore, we will focus our effort on the 

molecular targets that will appear to be the most relevant for normalizing vascular reactivity and 

blood pressure. These studies could lead to the discovery of novel druggable targets in obesity-

derived microvascular dysfunction.  
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Figure 1. NF-B inhibition prevents NOX1 expression at the MEPs in obesity 

 

Figure 1. A, representative z-stack images of MAs isolated from vehicle-treated HFD (left) and 

from JSH-23 (5 mg/Kg) treated HFD mice (right). Internal elastic lamina (green); MEPs (Black 

holes); NOX1 staining (Red). Treatment was administered via intraperitoneal injection once 

every other day for 15 days. B, scatter plot representing the percentage of MEPs filled with 

NOX1 staining (Welsh, t-test).  

Figure 2. High-pressure drives increase the expression of smooth muscle TNF 

 

Figure 2. Representative immunostaining of the SMC-layer of MAs pressurized for 5 hours at 60 

mmHg (left) and at 120 mmHg (right). TNF staining (red); Nuclei (blue).  
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Figure 3. Schematic representing hypothetical molecular mechanisms underlying 

obesity-induced smooth muscle TNFexpression 

 

 

 

 

 

 

 

 



178 
 

 

 

 

 

 

 

 

Chapter 7: Acknowledgments 

 

 

 

 

 

 

 

 

 

 

 

 



179 
 

Here I am writing the last page of my Ph.D. thesis work. I feel honored and grateful that life gave 

me this unique opportunity. At this time, I have many amazing people to thank with open arms. 

Indeed, words will fall short on describing my feelings towards them like pictures can never do 

justice to a beautiful panorama.  

A deep sense of gratitude goes towards my mentor and guide, Dr. Sonkusare. I would not be 

here as the person and scientist that I became without him. Our relationship grew stronger with 

time. Dr. Sonkusare always helped me venture beyond the limits that I was setting up for myself. 

Indeed, his admirable drive and passion for science have been an incredible aid in moments of 

difficulties and discomfort. I learned a great deal from him. I will be forever thankful to have 

encountered him on my life path.   

I wish to express many thanks to all the current and former members of the Sonkusare lab. 

Indeed, science has been done by many and all the work that I have presented in this thesis 

came to fruition because all of their help and hard work. They have been incredible colleagues 

and wonderful friends. Thank you guys so much for always being there for me.  

A special thanks go to all my committee members, Dr. Brant Isakson, Dr. Thurl Harris, Dr. Paula 

Barrett, and Dr. Zhen Yan, for all the great insights and suggestions, which improved my 

scientific acumen and made my work more impactful.  

I am thankful to the UVA Pharmacology program for believing in me and giving me a chance to 

become a UVA Ph.D. student. This changed my life, and so I will be forever grateful.  

I do not think I could find any words or sentences that can describe how I feel towards my 

beloved family. Feelings can only be experienced and felt. The ocean has been between us for 

several years now, but my love and appreciation for you have only grown stronger. Thank you to 

the moon and back for all you have done for me.  



180 
 

Last but not least, to all the other people I did not mention here, I met along my life path. A 

genius once wrote that we meet part of ourselves time and again in other people, I could not 

agree more.  

 

 

 

“When a summit of life is reached, from the lesser the greater emerges, then the “One becomes 

two”, and the greater figure, which one always was but which remained invisible, appears to the 

lesser personality with the force of a revelation” 
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