i
Endothelial TRPV4 channel regulation of pulmonary arterial pressure

Corina Marziano-Willard
Caracas, Venezuela

Master of Science in Biomedical Science
University of Virginia, 2017
Bachelor of Science in Biology
Xavier University, 2014

A Dissertation presented to the Graduate Faculty of the University of Virginia
in Candidacy for the Degree of Doctor of Philosophy

Department of Molecular Physiology and Biological Physics

University of Virginia
August, 2019

________________________________
________________________________
________________________________
________________________________
________________________________

ii
ABSTRACT

Pulmonary hypertension is a degenerative disorder affecting the pulmonary circulation
and is characterized by increases in pulmonary vascular resistance and pulmonary arterial
pressure. Loss of endothelium-dependent vasodilation in resistance vessels contributes to
the pathogenesis of pulmonary hypertension. However, the physiological and pathological
mechanisms that regulate endothelial function in health and disease remain poorly
understood.

Spatially localized increases in intracellular endothelial Ca 2+ in resistance

pulmonary arteries regulate vasodilation and overall pulmonary arterial pressure.
Endothelial transient receptor potential vanilloid 4 (TRPV4 EC) channels are a major source
of Ca2+ influx in resistance pulmonary arteries but the role of TRPV4 EC channel activity
on endothelial function has remained unexplored. Work in this thesis investigates the
hypothesis that TRPV4EC channel activity promotes vasodilation in resistance pulmonary
arteries thereby maintaining a low resting pulmonary arterial pressure.
Our results demonstrate that TRPV4EC channel activity promotes vasodilation in
resistance pulmonary arteries through the activation of endothelial nitric oxide synthase
and subsequent release of nitric oxide (NO).

Furthermore, caveolin-1 (Cav-1) was

identified as a novel regulator of TRPV4EC channels which potentiates TRPV4EC channel
activity. Loss of Cav-1-dependent activation of TRPV4 EC channels leads to endothelial
dysfunction and an increase in pulmonary arterial pressure, revealing TRPV4 EC channels
as important regulators of normal resting pulmonary arterial pressure. In pulmonary
hypertension, endothelial Cav-1-TRPV4EC channel signaling is impaired resulting in the
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loss of vasodilation, thus increasing pulmonary arterial pressure. Elevated production of
the reactive nitrogen species, peroxynitrite, is responsible for the impairment of Cav-1dependent regulation of TRPV4EC channel activity in pulmonary hypertension. Future
studies should investigate the mechanisms by which peroxynitrite modifies Cav-1dependent potentiation of TRPV4EC channel activity in hopes of developing novel
therapeutic targets for the treatment of pulmonary hypertension.
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CHAPTER 1: GENERAL INTRODUCTION
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The cardiovascular system consists of the heart and the network of blood vessels
(arteries, capillaries, and veins) responsible for transporting oxygen and nutrients
throughout the body. To appropriately meet tissue demand for oxygen and nutrients, the
cardiovascular system carefully regulates blood flow to target organs while maintaining a
constant blood pressure. Blood pressure is controlled by changes in cardiac output and
vascular resistance, with these two factors having differential effects during rest and
activity. Cardiac output does not change on a moment to moment basis, and therefore has
minimal effects on the dynamic regulation of blood pressure. On the other hand, vascular
resistance is much more variable and actively changes in order to maintain a steady blood
pressure. Changes in vascular resistance is regulated by the vasoreactivity of resistance
arteries which make up a large portion of all the blood vessel cross-sectional area.
Therefore, small changes in diameter across resistance vessels greatly impacts vascular
resistance and overall resting blood pressure.
Resistance arteries are characterized by their ability to constrict in response to
increases in intravascular pressure, a phenomenon known as myogenic vasoconstriction 1.
Increases in intravascular pressure depolarizes vascular smooth muscle cells (SMCs) which
activates voltage-dependent Ca2+ channels causing an influx of Ca2+ into the cytosol. Ca2+
binds to calmodulin (CaM) promoting actin-myosin crossbridge formation and SMC
contraction – and thus vasoconstriction. Large conduit arteries (i.e. aorta, carotid, and main
pulmonary artery) lack myogenic tone and therefore exert a minimal effect on blood
pressure.
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Myogenic vasoconstriction is directly opposed by endothelial cell (EC) Ca 2+
signaling. Increases in endothelial Ca2+ activate vasodilatory pathways through the release
of nitric oxide and prostaglandins, or through the opening of Ca 2+-sensitive K+ channels
leading to membrane hyperpolarization and vasodilation. By opposing myogenic
vasoconstriction, the endothelium lowers vascular resistance and therefore overall blood
pressure. Endothelial dysfunction, resulting in part from loss of endothelium-dependent
vasodilation, is a contributing factor in vascular pathologies characterized by hypertension.
This general introduction will focus on the role of EC regulation of vasodilation in
resistance vessels, with a specific focus on the pulmonary circulation.
The pulmonary circulation is a specialized vascular bed important for gas exchange
in the lungs. Venous blood is carried through the pulmonary arteries (PAs) to the alveolar
capillaries where it is re-oxygenated and returned to the heart by the pulmonary veins
before being distributed back to the systemic circulation. Regulation of endothelial
function, specifically in resistance PAs, is imperative for maintenance of normal
pulmonary vascular resistance and

ventilation-perfusion

matching.

Endothelial

dysfunction contributes to the pathogenesis of multiple pulmonary vascular disease
including pulmonary hypertension (PH), where loss of endothelium-dependent
vasodilation leads to elevated pulmonary arterial pressure (PAP).

However, the

mechanisms regulating endothelial function in intact resistance PAs have remained elusive.
It is critical to decipher the mechanisms regulating endothelial function under normal
conditions in order to understand how they may be impaired in pulmonary pathologies.
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1.1 The pulmonary circulation
The pulmonary circulation is comprised of PAs which transport deoxygenated
blood from the systemic circulation to the alveolar capillaries for re-oxygenation and
pulmonary veins which transport oxygenated blood back to the heart. For this reason, the
anatomy of the pulmonary circulation closely parallels the airways. PAs are highly
compliant vessels able to withstand high volumes of blood flow. Large PAs have multiple
layers of elastic lamina throughout the media2-5. Elastin and collagen fibers in the media
allows the vessel to expand and accommodate the pulsatile flow emerging from the right
ventricle. Further down the vascular tree, at the level of resistance PAs, the number of
elastic layers decrease to a single layer of internal and external elastic lamina 3. These
resistance vessels are fully muscularized by a single SMC layer and respond to
physiological signals to modulate arterial diameter3. Partial de-muscularization of the PAs
begins to occur at the pre-capillary arterioles which parallel the terminal bronchi 2,6,7. Partial
de-muscularization of the terminal arterioles maximizes the surface area available for gas
exchange, thereby increasing oxygen saturation efficiency3,8. The primary site of gas
exchange is the pulmonary capillaries which are made up of only an EC layer and form a
network of vessels that completely surround the alveoli. The abundance of capillaries
surrounding each alveolus and the structure of the capillary ECs are perfectly designed to
maximize the amount of surface area available for gas exchange while minimizing the
distance gas needs to travel from the air space to the blood. Blood from the capillaries drain
into the pulmonary veins which are similar in structure to PAs, although they have 30-60%
less SMC covering compared to equal sized PAs2,3. Loss of SMC layers in veins is

5
compensated by a thicker extracellular matrix comprised mainly of collagen fibers 3,9.
Overall, the anatomy of the pulmonary circulation is perfectly structured to withstand high
volumes of blood flow and optimize gas exchange.
Contrary to the systemic circulation, the pulmonary circulation is characterized as
a high flow and low resistance system. With each heartbeat, the entirety of the right
ventricular cardiac output is transferred into the pulmonary circulation making it a high
flow system, unlike in systemic arteries where the cardiac output is distributed throughout
multiple target organs10. To accommodate high blood flow, PAs are elastic and exhibit
lower vascular resistance than systemic arteries. This is evident by the differences in
diastolic blood pressure where the PAP is approximately 10 times lower than systemic
arterial pressure (8 vs. 80 mmHg, respectively, Figure 1). Although PAs are highly
compliant, they are not passive vessels void of vasoreactivity. In fact, inhibition of
vasodilatory signals increases PAP11. Increases in basal vascular tone is also observed in
pulmonary vascular pathologies, like PH, where EC and SMC function are disrupted,
indicating that there is a baseline regulation of vascular tone12. However, the mechanisms
regulating resting PAP are not fully understood and are an important ongoing area of
research in the field. My dissertation work, in part, contributes to the understanding of
pulmonary EC function and regulation of resting PAP by investigating the mechanisms
controlling endothelium-dependent vasodilation in resistance PAs.
Vasoreactivity of resistance PAs maintains optimal ventilation/perfusion (V/Q)
matching and resting PAP. The V/Q ratio measures the efficiency of gas exchange within
the alveoli, where V represents alveolar gas filling and Q represents blood flow through
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the capillaries. Under normal conditions, most alveoli are continuously perfused with
blood. When alveolar ventilation is disrupted, localized hypoxia manifests in the alveolar
region, referred to as V/Q mismatching, ensuing vasoconstriction resulting in blood
shunted away from the damaged alveoli to restore the V/Q ratio13,14. This phenomenon is
termed hypoxic vasoconstriction and is unique to the pulmonary circulation. Hypoxic
vasoconstriction is regulated by Ca2+-dependent mechanisms in pulmonary SMCs 13,14.
Similarly, Ca2+ signaling in ECs regulate endothelium-dependent vasodilation to
counteract pulmonary vasoconstriction. Impairment in endothelial Ca 2+ signaling results in
excessive vasoconstriction and elevation of PAP.
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FIGURE 1. BLOOD PRESSURE ALONG THE PULMONARY CIRCULATION.

Figure 1. Blood pressure along the pulmonary circulation. Mean blood pressure
(mmHg) along the pulmonary circulation. Red curve represents changes in pressure. D, S,
and M represent diastolic, systolic, and mean pressure respectively. Figure obtained from
Guyton and Hall Textbook of Medical Physiology 15.
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1.1.1

Ca2+ regulation of pulmonary endothelial function
The endothelium is the innermost layer of all PAs and is critical for the regulation

of vasoreactivity and capillary barrier integrity. Endothelial dysfunction is common in the
pathogenesis of multiple pulmonary vascular diseases including PH and pulmonary edema.
The endothelium responds to physiological stimuli including; mechanical forces 16-18,
paracrine and autocrine signals19,20, and neuronal input to regulate vascular function21-23.
This activation of ECs regulates vascular resistance, permeability, inflammation, and
angiogenesis. It is important to note that endothelial heterogeneity throughout the vascular
tree contributes to differences in response to similar physiological stimuli in resistance PAs
and capillaries24,25. These differences are in part due to variances in Ca2+ signaling
mechanisms between PAs and capillaries. Increased intracellular Ca 2+ is an important
intermediate signaling molecule responsible for regulating EC function, including
vasoreactivity and barrier integrity. The sources of Ca2+ , its spatial localization within
individual ECs, and the location of the ECs within the vascular tree, determines the overall
effect on vascular function24,25. Therefore, it is imperative to understand Ca2+ dynamics in
the context of the vessel being studied.
EC Ca2+ can increase through two main pathways: internal release of Ca 2+ from the
endoplasmic reticulum (ER) and Ca2+ influx through membrane ion channels. Internal
release of Ca2+ from the ER occurs through inositol triphosphate receptor (IP 3R)-dependent
activation. Gq-protein coupled receptor (GqPCR)-signaling results in the formation of
diacylglycerol (DAG) and inositol triphosphate (IP 3) from phosphatidylinositol 4,5bisphosphate (PIP2). IP3 activation of IP3R, ionotropic channels on the ER membrane,
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causes the release of Ca2+ into the cytosol26. IP3R opening is also facilitated by direct
binding of Ca2+ to the receptor. However, at higher concentrations, Ca2+ inhibits IP3R
activity, supporting a biphasic role for Ca2+ in the regulation of IP3R signaling27,28. ER Ca2+
stores are replenished through the activity of Ca2+-ATPases on the ER membrane that
transport Ca2+ back into the ER against its concentration gradient. Ca2+ release from the ER
is present in the native endothelium of resistance PAs, however, the signaling targets
downstream of IP3R-dependent Ca2+ release and its contribution to endothelial function
remain unknown29.
Ca2+ influx in pulmonary ECs can also occur through openings of cell membrane
cation channels, which are activated by direct agonist ligation, mechanical forces, or Gprotein coupled receptor (GPCR) signaling. Purinergic P2X receptors are ligand gated ion
channels present in the pulmonary endothelium serving as a direct Ca 2+ influx pathway.
P2X receptors are activated by direct binding of ATP, a prominent signaling molecule that
is released by shear stress in the pulmonary circulation 30,31. P2X4 receptors (P2X4R) are
the main subtype of P2X receptors responsible for shear stress-induced increases of
intracellular Ca2+ in cultured human pulmonary EC30. Shear stress-induced activation of
P2X4R was dependent on ATP signaling and was unaffected by inhibition of GqPCR
signaling or ER Ca2+ depletion, suggesting that the results observed were Ca2+ influx events
through a ligand gated ion channel. The contribution of P2X4R as Ca 2+ influx channels
was confirmed by attenuation in Ca2+ increases in response to shear stress after P2X4R
knockdown. However, the physiological role of P2X4R signaling in intact resistance PAs
remains an open area of study. It is important to note that Ca 2+ increases in response to
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shear stress was not completely blocked by knocking down P2X4R, suggesting the
presence of other membrane Ca2+ channels which contribute to the shear-stress response.
Recently, Piezo channels have been identified as mechanosensitive cation channels
present in multiple cell types including vascular ECs 32. Piezo channels are trimeric
transmembrane channels containing a large blade-like structure on the extracellular portion
of the cell membrane, which is hypothesized to be the mechanosensitive region of the
channel33. So far two isoforms of Piezo have been identified, Piezo 1 and Piezo 2, with
Piezo 1 more highly expressed in the vascular endothelium, including PAs 32,33. In a
perfused lung system, pressure-induced activation of Piezo 1 disrupted endothelial adheren
junction leading to fluid extravasation and edema formation34. Mice with endothelium
specific deletion of Piezo 1 (Piezo 1EC-/-) were protected from pressure-induced edema
formation highlighting the mechanosensitive regulation of pulmonary endothelial function
by Piezo 134. However, the possible contribution of Piezo 1 in shear stress sensing in the
endothelium of resistance arteries and its possible regulation on PAP remain unknown.
Interestingly, Piezo 1EC-/- mice develop systemic hypertension supporting the possibility of
Piezo 1-dependent regulation of resting PAP.
Finally, members of the large TRP (transient receptor potential) channel family,
which are activated by GPCR signaling, are key sources of Ca 2+ influx in the pulmonary
endothelium. Of specific interest to this dissertation, endothelial TRPV4 (TRPV4 EC)
channels have been found to be the main Ca2+ influx pathway in resistance PAs29. TRPV4EC
channel activity promotes endothelium-dependent vasodilation through the activation of
endothelial nitric oxide synthase (eNOS) and subsequent release of nitric oxide (NO) 29.
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The following sections of this introduction will focus on the current knowledge of role of
TRPV4EC channels in resistance PAs and their contribution to the regulation of
vasodilation.

1.1.2

TRPV4EC channels as a Ca2+ influx pathway in the pulmonary endothelium.
TRPV4 (transient receptor potential vanilloid 4) channels are non-selective cation

channels belonging to the larger family of TRP channels. TRPV4 channels are
homotetramers with each subunit containing a cytosolic C- and N-terminal domain and 6
transmembrane spanning regions (TMs)35-38. The channel pore is made up of the
transmembrane loop between TM5 and TM635-38. The N-terminal contains three
consecutive ankyrin repeats that facilitate channel interaction with other proteins as well
as anchoring of the channel to the cell membrane35. There are several PKC phosphorylation
sites in the N-terminal tail and one PKA phosphorylation site in the C-terminal that
contribute to PKC- and PKA- dependent potentiation of channel activity 35,39. The Cterminal tail contains a CaM binding site that is important for Ca 2+-dependent potentiation
of channel activity40. Ca2+-bound CaM enhances channel activity by increasing the open
state probability of the channel40-42. At high concentrations, Ca2+ inhibits TRPV4 channel
activity40-42, however, the mechanism for Ca2+-dependent inhibition are not fully
understood.
TRPV4 channels are preferentially permeable to divalent ions with 10- and 6-times
higher permeability to Ca2+ and Mg2+ over Na+, respectively36,37,40,41,43,44. Mutation of
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D682 in the pore forming loop of the channel significantly lowers the Ca 2+ permeability,
indicating that D682 is important for the high Ca2+ conductance exhibited by TRPV4
channels45,46. TRPV4 channels have a high single channel conductance of 60 pS, which
results in a large influx of Ca2+ into the cytosol with the opening of single TRPV4
channels37,40,47,48. In fact, once opened, approximately 100 times more Ca 2+ flow through
TRPV4 channels than a voltage-gated L-type Ca2+ channels, making TRPV4 channels a
major source of Ca2+ influx in ECs49. A current area of interest in the field focuses on
understanding the structure of TRPV4 channels, specifically changes in the pore forming
region that may dictate ion selectivity through the channel.
TRPV4 channels can be activated by a variety of physiological stimuli including
temperature, shear stress, and GPCRs. TRPV4 channels are activated by temperatures
ranging between 27-35°C48,50,51. However, there have been some conflicting studies in
patch clamp systems suggesting that TRPV4 channels may not be directly
thermosensitive52. Shear stress has also been investigated as a mode of TRPV4 channel
activation48,53. One study suggests that the ankyrin repeat region is responsible for the
mechanosensitive properties of TRPV4 channels36. Deletion of the ankyrin repeats
attenuates hypotonic-dependent activation of TRPV4 channels 36. However, more studies
are needed to demonstrate that shear stress is a direct activator of TRPV4 channels. For
instance, shear stress could indirectly activate TRPV4 channels through the release of ATP
and activation of GPCR-dependent signaling29. GPCR signal through DAG- or cyclic AMP
(cAMP)- dependent pathways, which can enhance TRPV4 channel activity through PKCand PKA-dependent phosphorylation, respectively 23,39,49,53,54.
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In the lungs, TRPV4 channels are expressed within the bronchiolar epithelium,
SMCs, and ECs11,55-57. TRPV4EC channel activity promotes vasodilation in resistance PAs
and may also contribute to endothelial barrier dysfunction when overactivated 29,58. It
should be noted that the ultimate effect of TRPV4EC channel signaling may be determined
by the concentration of the agonist used and the size of the blood vessel under
consideration. Overactivation of TRPV4EC channels by high concentrations of the agonist
may lead to Ca2+ toxicity and cell death, thereby causing breakdown of the EC barrier.
Administration of the specific TRPV4 channel agonist, GSK1016790A, to anesthetized
mice induced edema, both at the arteriolar and capillary level, measured by perivascular
cuff formation and alveolar flooding, respectively11. Similarly, in isolated lung system,
perfusion with 4α-PDD, another TRPV4 channel agonist, induced edema as measured by
alveolar flooding and an increased filtration coefficient (Kf), a measurement of fluid
extravasation in ex vivo perfused lungs55. Interestingly, lungs from global TRPV4-/- mice
were protected against edema55. Although these studies suggest that TRPV4 channel
activity is detrimental to barrier integrity, they fail to discern the relative contributions from
individual cell types (EC, SMC, or airway epithelium). Currently there is a lack of
understanding of the physiological role of TRPV4EC channels throughout the pulmonary
vascular network.
Activation of TRPV4EC channels decreases RVSPs in anesthetized mice,
suggesting that TRPV4 channel activity is important for the regulation of resting PAP 11. In
larger PAs, TRPV4EC channel activity promotes vasorelaxation through a NO-dependent
mechanism59. Consistently, inhibition of NOS caused a slight increase in RVSPs in mice 11.
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These data suggest that TRPV4EC-eNOS signaling regulates resting PAP. Chapter 3 and 4
of this dissertation will focus on the novel findings of TRPV4EC-eNOS signaling in
resistance PAs and its contribution to the regulation of PAP.

1.1.3

NO signaling in the pulmonary endothelium

NO is a major signaling molecule in the pulmonary vasculature. NO is formed by nitric
oxide synthase (NOS) as a product of L-arginine hydrolysis. There are three isoforms of
NOS: endothelial NOS (eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS). eNOS
is mainly expressed in ECs, but has also been identified in cardiac myocytes and platelets 60.
Similarly, nNOS expression is not restricted to neurons, although that is where it is
predominantly expressed. nNOS has also been identified in epithelial cells, kidneys,
pancreatic islet cell, and SMCs61. The third NOS isoform, iNOS is ubiquitously expressed
at low levels in all cell types. During inflammation, iNOS expression and activity
increases11,62. All three isoforms of NOS enzymes are homodimers, with each subunit
containing a reductase and oxygenase domain. Several cofactors bind NOS to facilitate
enzyme activity, including; flavin adenine dinucleotide (FAD), flavin mononucleotide
(FMN), tetrahydrobiopterin (BH4), CaM, and heat shock protein 90 (HSP90). Inability of
these cofactors to associate with NOS leads to NOS uncoupling and the subsequent release
of superoxide radicals (O2.-)60,63.
NOS-dependent production of NO begins when reduced NADPH molecules, bound to
the NOS reductase domain, transfers an electron to the heme on the oxygenase domain, via
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FAD and FMN. At the heme site, L-arginine is oxidized to L-citrulline and reduced oxygen
is converted to NO64,65. Ca2+-bound CaM (Ca2+-CaM) promotes enzyme activity by
facilitating the transfer of electrons from the reductase domain to the oxygenase domain 66.
Both eNOS and nNOS activity is potentiated by increases in cytosolic Ca 2+. Normally,
eNOS and nNOS are bound to caveolin-1 (Cav-1), a negative regulator of enzyme activity.
Increases in intracellular Ca2+, and subsequent Ca2+-CaM interaction, displaces the enzyme
from Cav-1 promoting NO synthesis66. Conversely, iNOS is considered to be calciumindependent because it does not require increases in intracellular Ca 2+ to become active66,67.
eNOS is expressed throughout the pulmonary vasculature, and is an important regulator
of vascular tone68-70. After birth, eNOS expression in the pulmonary arteries increases
reaching a maximum level at approximately two weeks post birth 71. The increase in eNOS
expression correlates with elevated NO production and decreased pulmonary vascular
resistance (PVR) and is important for the transition of the pulmonary circulation from a
high resistance system in the fetus, to a low resistance system in the adult 72. Consistent
with these findings, reduced NO signaling after birth is associated with the development of
newborn PH73,74. In the adult circulation, NO signaling continues to be important for the
regulation of resting PAP. Global eNOS-/- mice have elevated PVR that is rescued by reexpressing eNOS75. It is important to note that eNOS-/- mice have normal systemic blood
pressures, further highlighting the importance of eNOS signaling specifically in the
pulmonary vasculature. However, the Ca2+ signals that regulate eNOS activation in the
pulmonary endothelium remain unknown. Chapter 3 contains the first evidence of
TRPV4EC channel- dependent activation of eNOS in pulmonary resistance arteries.
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1.1.4

Caveolin-1 as a regulator of endothelial function

Caveolae are membrane invaginations involved in a multitude of cellular processes
including: transcellular transport, cell survival, apoptosis, proliferation, migration, and
vascular reactivity76. Caveolin-1 (Cav-1) is the main structural protein in caveolae and is
expressed throughout the vasculature, including the pulmonary endothelium. Cav-1 serves
as a membrane scaffold protein, localizing cell signaling components for efficient signal
transduction. Because of its interactions with key signaling molecules in the endothelium,
Cav-1 is an important regulator of EC function and vasodilation. In fact, changes in Cav-1
expression is associated with multiple pulmonary diseases, including PH 77-80.
One of the mechanisms by which Cav-1 regulates endothelium-dependent vasodilation
is through the interaction with eNOS at the caveolin-1 scaffold domain (CSD), the main
scaffolding site on Cav-1 for protein interaction81,82. eNOS binding to the CSD of Cav-1
inhibits enzyme activity83-85. Once intracellular Ca2+ increases, Ca2+-CaM displaces eNOS
from the CSD and activates the enzyme66. Although the Cav-1-eNOS binding prevents NO
synthesis, this interaction is required for proper enzyme association with its cofactors (Larginine and BH4) and facilitates localizing eNOS at the cell membrane where it can be
activated. Inhibition of this association prevents the ability of cofactors to bind to eNOS,
leading to the uncoupling of the protein and formation of superoxides (O 2.-)76.
Loss of Cav-1 is associated with pulmonary vascular diseases including PH. One of the
leading hypotheses in the field is that loss of Cav-1 expression results in eNOS uncoupling
and endothelial dysfunction, contributing to the pathogenesis of PH 79. This hypothesis is
supported in myocardial infarction rat models of PH, which demonstrate a decrease in Cav-
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1 expression taken from whole tissue homogenates80. Furthermore, global Cav-1-/- mice
develop spontaneous PH which can be prevented by re-expressing Cav-1 in the
endothelium, suggesting that endothelial Cav-1 is an important regulator of resting PAP 8688

. It is essential to note that studies showing loss of Cav-1 expression in models of PH

were measured from whole lung tissue homogenates and were not representative of only
pulmonary ECs. Consistent with these results, decreases in Cav-1 expression is only
observed in the plexiform lesions of PH patients 78. Plexiform lesions are formed in areas
of the pulmonary vasculature where ECs are undergoing endothelial-mesenchymal cell
transitions78. It is likely that the arteries containing plexiform lesions are not vasoactive
and may not have a direct impact on PAP. Therefore, it is imperative to understand the
cell-specific changes in Cav-1 expression and, more importantly, regulation in the
development of PH. Chapter 4 describes, for the first time, a Cav-1-dependent regulation
of TRPV4EC channel activity in resistance PAs.

1.2 Pulmonary Hypertension
Pulmonary hypertension (PH) is a progressive debilitating disease affecting
approximately 1,000 new people each year in the United States alone (NHLBI). This vasoocclusive disease is characterized by impaired vasodilation and vascular remodeling of
resistance PAs leading to sustained elevated PAP (> 25 mmHg). Elevated PAP leads to
right ventricular (RV) hypertrophy and ultimately right heart failure in PH patients. Even
with therapeutic intervention, such as vasodilators and vasoconstrictor inhibitors, PH
patients continue to have a 30% mortality rate 5 years after diagnosis 89. This fact highlights
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the need for the discovery of novel therapeutic targets for improving patient outcome. PH
can be classified into one of five categories: 1. Idiopathic/heritable PH (also referred to as
pulmonary arterial hypertension), 2. PH secondary to left heart failure, 3. PH secondary to
lung disease/hypoxia, 4. PH secondary to chronic thromboembolisms and, 5. PH resulting
from unclear mechanisms (blood, systemic, or metabolic disorders) 90. Despite different
triggers, all classes of PH present with similar pathologies of endothelial dysfunction,
vascular remodeling, and increased inflammation in resistance PAs.

1.2.1

Pathogenesis of PH
Although a number of factors can trigger PH, the underlying cellular mechanisms

that lead to disease development remain inconclusive. Changes in flow/shear stress have
been shown to promote vascular dysfunction in animal models of PH, suggesting that
hemodynamic changes are a secondary contributor to the pathogenesis of PH 91. This likely
occurs through shear stress promotion of EC apoptosis and inflammatory cell recruitment
causing a loss of vasodilation and impaired EC function12,92. Additionally, circulatory
cytokine levels are increased in PH patients and correlate with severity of the disease 93,94.
Cytokines and chemokine signaling (TNFα- , IL-1β, IL-6) promote SMC proliferation and
migration into previously partially de-muscularized arterioles ultimately increasing PVR
leading to PH. Inflammatory signaling also promote apoptotic-resistant EC transition to
mesenchymal-like cells, further contributing to the medial thickening and perivascular cuff
formation in resistance vessels12. PAs that do not form obstructive lesions have impaired
endothelial function leading to reduced vasodilatory capacity and sustained
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vasoconstriction. Together, these changes increase PVR and PAP. The following sections
of the introduction will further examine mechanism leading to endothelial dysfunction in
PH.

1.2.2

Endothelial dysfunction in PH.
Endothelial dysfunction refers to loss of endothelium-dependent vasodilation of

resistance PAs and increased EC proliferation in plexiform lesions. Impairment in
endothelium-dependent vasodilation is caused by a loss of eNOS-NO signaling. PH
patients have lowered NO bioavailability and treatment with inhaled NO temporarily
lowers PAP, indicating that impaired eNOS-NO signaling significantly contributes to
increased PAP in PH95,96. Initial studies attributed reduced NO bioavailability to decreased
eNOS expression70. These studies were supported by evidence in global eNOS -/- mice
which spontaneously develop PH97. However, recent findings have challenged this idea by
showing no change in eNOS expression in lung sampled from PH patients 98. In fact, eNOS
expression was increased within the plexiform lesions of PH patients 99, revealing that
expression levels may not always correlate with enzyme activity. This was further
highlighted in a study on fetal lambs with PH which showed eNOS uncoupling, not changes
in eNOS expression, resulting in reduced NO bioavailability100. Uncoupled eNOS leads to
the preferential synthesis of O2.- over NO101. Scavenging O2.- restored endotheliumdependent vasodilation suggesting that formation of reactive oxygen species (ROS), such
as O2.-, attenuates vasodilatory signaling in pulmonary ECs thereby contributing to
endothelial dysfunction in PH100.
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ROS are oxygen containing radicals which play an important role in cell
homeostasis and disease pathogenesis. Endogenous antioxidants serve as a counterbalance
to ROS signaling by metabolizing oxidative molecules. Under pathological conditions, an
imbalance of oxidative and reductive signaling leads to the overproduction of ROS,
inducing maladaptive changes to cell signaling and cell death. Elevated ROS production is
associated with a multitude of vascular diseases, including PH 102. Specifically, elevated
ROS in pulmonary ECs leads to impaired vasodilation, cell proliferation, and elevation in
PAP102. Several ROS are elevated in pulmonary pathologies including hydrogen peroxide
(H2O2), hydroxyl (HO.-), and O2.-. Chemical reaction of O2.- with NO, a major signaling
molecule in the pulmonary endothelium, forms the reactive nitrogen species peroxynitrite
(PN; ONOO-). Post-translational modification of signaling molecules by PN inhibits
vasodilation leading to endothelial dysfunction in PH.
The two main sources of ROS in the pulmonary endothelium, apart from eNOS
uncoupling mentioned previously, are the mitochondria and NADPH oxidases (NOXs).
O2.- is released from the mitochondria during aerobic respiration as a byproduct of ATP
synthesis. O2.- is released from the mitochondria by complex I and III and is quickly
metabolized into H2O2 by superoxide dismutase 1 (SOD1)103-105. Changes in mitochondrial
bioenergetics contributes to excess O2.- release in PH106. Mitochondrial function is highly
susceptible to changes in O2 levels, therefore it is conceivable that changes in
mitochondrial activity contributes to EC dysfunction in hypoxia-induced PH. In support of
this, exposure of pulmonary ECs to acute hypoxia increases mitochondrial ROS
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production107. However, the role of EC mitochondrial-derived ROS in the pathogenesis of
PH is still unclear.
The second source of O2.- in the pulmonary endothelium is O2.- release from
endothelial NOX. Three main NOX isoforms have been identified contributing to the
pathogenesis of PH: NOX1, NOX2 and NOX4. Increased NOX1 and 2 activity are
maladaptive and lead to EC damage, while NOX4-mediated signaling is protective against
EC dysfunction. NOX1 and NOX2 expression are increased in lung samples from PH
patients and in rodent models of PH, and contribute to endothelial dysfunction and EC
proliferation102. A loss of function mutation of p22phox, a subunit of NOX1, is protective
against the development of PH in animal models 108. Similarly, deletion of the NOX2
subunit gp91phos is protective against hypoxia-induced PH, highlighting the role of NOX1
and NOX2 signaling in the pathogenesis of PH109,110. Recently, NOX3 has been identified
as a source of ROS in the pulmonary endothelium regulating EC death and lung injury 111.
However, the contribution of NOX3 signaling in PH remain unknown. Unlike all other
NOX isoforms, NOX4 has an associated SOD subunit, which immediately catalyzes any
O2.- produced into H2O2. NOX4 is also unique in that it displays protective functions within
the pulmonary vasculature. Release of H2O2 from NOX4 promotes the synthesis of NO112.
Furthermore, global NOX4-/- mice have lower NOS expression leading to worsened EC
dysfunction in angiotensin II models of oxidative stress 112.
Increased ROS signaling contributes to the development of endothelial dysfunction
by inhibiting EC-dependent vasodilation and promoting EC proliferation. Cultured ECs
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obtained from lung tissue homogenate of PH rats showed enhanced TRPV4 EC-dependent
Ca2+ signaling which promoted EC migration and proliferation 58. Administration of the
mitochondrial antioxidant, MitoQ, lowered TRPV4EC-dendent Ca2+ increases in cultured
ECs, supporting a role for ROS-dependent regulation of TRPV4 EC channel activity in
microvascular ECs. However, mechanistic studies are still necessary to truly understand
the role of local ROS signaling in the native pulmonary endothelium of resistance PAs. We
address this in work shown in Chapter 4 of this dissertation which discusses a novel
mechanism wherein ROS-dependent inhibition of TRPV4 EC channel activity in resistance
PAs lead to impaired vasodilation and elevated PAP in PH.
Recently, endothelial to mesenchymal transition (EndoMT), has emerged an important
contributing factor to endothelial dysfunction in PH. EndoMT is a transition state where
ECs lose traditional EC markers and begin to exhibit a mesenchymal cell-like phenotype,
partly characterized by expression of α-SMA113. These mesenchymal-like cells are
hyperproliferative and contribute to perivascular cuff formation in PH. In lung samples
from PH patients, there is an increase in α-SMC positive cells in the arterial lesions 114.
Some of these α-SMC positive cells also express EC markers identifying them as ECs
undergoing EndoMT113,115,116. EndoMT is caused by increased inflammatory signaling
(TNF-α and IL-1β) promoting the upregulation of mesenchymal cell genes such as (i.e. αSMC, vimentin, fibronectin), while simultaneously suppressing EC genes (i.e. VEcadherin, vWF, and CD-31)113,115. This increased inflammatory signaling triggered by
changes in flow/shear stress, matrix stiffness, and metabolic dysregulation in pulmonary
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ECs113. Cells undergoing EndoMT have impaired vasodilatory signaling and promote
vascular stiffening, both of which results in elevated PVR in PH.

1.2.3

Animal models of PH

Several animal models are used to study the pathogenesis of PH, although none entirely
recapitulates the pathobiology of human PH. The following section contains a brief
overview the predominant animal models of PH. A comprehensive table of all the available
models of PH has previously been published by de Jesus Perez12.
Chronic Hypoxia Model. Exposure to chronic hypoxia (CH; 3-4 weeks, 10% O2) in
both mice and rats most closely recapitulates Group 3 PH12. CH induces sustained
vasoconstriction and medial hypertrophy, due to SMC proliferation, in both murine
models. However, the phenotype is less severe in mice than rats 117-120. CH also induces
muscularization of previously de-muscularized precapillary arterioles. These novel SMClike cells arise from migratory SMC, pericytes, and cells undergoing EndoMT 117,121,122.
Animals challenged with CH also develop fibrosis in the large PAs contributing to vascular
stiffness and increased PAP. This model is highly reproducible, consistently causing an
increase in PAP (30-40 mmHg vs. 20 mmHg in normal mice) and moderate RV
hypertrophy without heart failure. However, this model fails to promote the development
of perivascular cuff formation and inflammatory cell infiltration seen in the clinical
presentation of PH. Importantly, this model is reversible as animals lose PH pathological
hallmarks once returned to normoxic conditions.
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Sugen (SU-5416) Hypoxia Model. The Sugen-hypoxia (SuHx) model promotes the
sustained vasoconstriction observed in the CH model while also inducing plexiform lesion
formation in resistance vessels123. Like the CH model, mice are exposed to chronic hypoxia
(10% O2) for 3-4 weeks and are injected with SU-5416 weekly. Normoxic mice treated
with SU-5416 develop mild PH, which is worsened with a CH challenge – PAP up to 60
mHg and worse medial and RV hypertrophy compared to CH alone treated rats 12. As seen
in the CH model, rats develop a more severe phenotype compared to mice 124. SU-5416 is
a VEGF receptor inhibitor, which promotes EC apoptosis and vascular remodeling. EC
apoptosis promotes the recruitment of inflammatory cells, which release cytokines and
chemokines that lead to SMC remodeling and increased PVR. Apoptotic-resistant ECs
undergo EndoMT giving rise to plexiform lesions in the resistance vasculature.
Interestingly, and important for our studies, the effects of SU-5416 are specific to the
pulmonary circulation and no adverse effects are observed in the systemic circulation after
treatment117. This model most closely resembles the human pathology and is used to test
novel therapeutic options. However, the phenotype of this model is less consistent than the
CH model, particularly in mice, and is usually used in conjunction with another murine
model of PH.
Monocrotaline Model. The monocrotaline model is the most widely used rat model of
PH. Administration of a single dose of monocrotaline, a pyrrolizidine alkaloid, induces the
development of severe PH. Rats treated with monocrotaline display elevated PAP (40-60
mmHg), medial thickening, SMC proliferation, and plexiform lesion formation. Rats also
develop severe RV hypertrophy, which can lead to heart failure in 65% of animals 125-127.
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However, the exact mechanism by which monocrotaline promotes PH development is not
known. The vascular damaging effects of monocrotaline are not restricted to the pulmonary
circulation. Damage to the systemic circulation has been reported in some rats, which leads
to the development of hepatic veno-occlusive disease128. Despite these non-pulmonary
effects, the monocrotaline model has been used to test novel therapeutics with great
effectiveness in rats. However, few of the treatments have been translatable to humans,
suggesting key differences in the pathogenesis of PH between species.

1.3 Conclusion
The pulmonary circulation is a specialized vascular bed that is both structurally and
functionally distinct from the systemic circulation. Vascular reactivity, in part regulated
by the endothelium of resistance PAs, is important for maintaining stable blood perfusion
and resting PAP. Loss of endothelial function is one of the primary injuries leading to the
development of vascular diseases including PH. Oxidative damage to pulmonary ECs
prevents the release of vasodilatory signals, contributing to sustained vasoconstriction.
Furthermore, EC de-differentiation into mesenchymal-like cells increases inflammation
and fibrosis in resistance PAs creating vaso-occlusive lesions. Together, these changes
increase PVR leading to sustained elevation in PAP. Current therapies include vasodilators
to help alleviate the increased PAP, but patients continue to have a high morbidity rate,
even with continued therapeutic interventions. Therefore, it is imperative to understand the
signaling mechanisms that regulate EC function in resistance PAs under normal and
pathological conditions in order to generate better therapeutic options for PH patients. This
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dissertation elucidates a novel TRPV4EC channel-dependent regulation of vasodilation in
resistance PAs (Chapter 3) which is impaired by oxidative stress in PH contributing to loss
of endothelium-dependent vasodilation and increasing PAP (Chapter 4).
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CHAPTER 2: MATERIALS AND METHODS
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2.1. Materials and Methods for Chapter 3:
Drugs and chemical compounds.
Apamin, cyclopiazonic acid (CPA), GSK2193874, GSK1016790A, HC067047,
NS309, 1400W, Nω-Propyl-L-arginine hydrochloride, ODQ, RN1747, Rp-8-Br-PETcGMPS, Suramin, and Tram 34 were purchased from Tocris Bioscience (Minneapolis,
MN). ATP and Nω-nitro-L-arginine were obtained from Sigma-Aldrich (St. Louis, MO).
DAF-FM diacetate, Fluo-4AM (Ca2+ indicator) and EGTA-AM (Ca2+ chelator) were
purchased from Fischer Scientific (Pittsburgh, PA). Spermine NONOate and U46619 were
purchased from Cayman Chemical (Ann Arbor, MI). All other chemicals were obtained
from Sigma-Aldrich (St. Louis, MO).
Animal Procedures.
All animal protocols were approved by the Animal Care and Use Committee of the
University of Virginia. Male C57BL6/J, transgenic GCaMP2 Cx40, TRPV4-/-, and eNOS-/(The Jackson Laboratory, Bar Harbor, ME) mice (10−14 weeks old) were used for all the
studies. GCaMP2Cx40 mice express GCaMP2, a Ca2+- specific biosensor under the connexin
40 promoter thereby limiting its expression to only ECs 129,130. Mice were euthanized with
pentobarbital (90 mg/kg; intraperitoneal) followed by decapitation. Third-order mesenteric
arteries (MAs; ~100 m in diameter), fourth-order pulmonary arteries (PAs, ~100-200
m), and second-order PAs (~400 m) were isolated in cold Hepes-buffered physiological
salt solution (Hepes-PSS, in mmol/L, 10 Hepes, 134 NaCl, 6 KCl, 1 MgCl 2 hexahydrate,
2 CaCl2 dihydrate, and 7 dextrose, pH adjusted to 7.4 using 1 mol/L NaOH). Data were
collected from at least three different arteries from at least three mice.
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Pressure Myography.
Isolated PAs and MAs were cannulated on glass pipettes mounted on an
arteriography chamber (The Instrumentation and Model Facility, University of Vermont,
Burlington, VT) at areas lacking branching points and pressurized to physiological pressure
(15 mmHg for PA and 80 mmHg for MA). Arteries were superfused with physiological
salt solution (PSS) (in mmol/L, 119 NaCl, 4.7 KCl, 1.2 KH2PO4, 1.2 MgCl2 hexahydrate,
2.5 CaCl2 dihydrate, 7 dextrose, and 24 NaHCO3 ) at 37°C and bubbled with 20% O2/ 5%
CO2 to maintain the pH at 7.4. All drug treatments were added to the superfusing PSS.
Because PAs do not develop myogenic tone at 15 mmHg, they were preconstricted with
100 nmol/L U46619 (a thromboxane A2 agonist). In functional studies with PAs, all other
pharmacological treatments were performed in the presence of U46619. Prior to
measurement of vascular reactivity, arteries were treated with NS309 (1 µmol/L), a direct
opener of endothelial IK/SK channel, to assess endothelial health. Arteries that failed to
dilate to NS309 were discarded. Endothelial denudation was performed by passing an air
bubble through the artery for ~ 60 seconds. Complete removal of the endothelial layer was
verified by the absence of dilation to NS309. Changes in arterial diameter were recorded
at 60 ms frame rate using a CCD (charge-coupled device) camera and edge-detection
software (IonOptix LLC, Westwood, MA)22,23. All drug treatments were incubated for 10
min. At the end of each experiment Ca2+-free PSS (in mmol/L, 119 NaCl, 4.7 KCl, 1.2
KH2PO4, 1.2 MgCl2 hexahydrate, 7 dextrose, 24 NaHCO3, and 5 EGTA) was applied to
assess the maximum passive diameter. Percent constriction was calculated by:
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[(Diameterbefore – Diameterafter)/ Diameterbefore] x 100

(1)

where diameterbefore is the diameter of the artery before a treatment and Diameterafter is the
diameter after the treatment. Percent dilation was calculated by:

[(Diameterdilated – Diameterbasal)/ (DiameterCa-free – Diameterbasal)] x 100

(2)

where Diameterbasal is the stable diameter before drug treatment, Diameterdilated is the
diameter after drug treatment, and DiameterCa-free is the maximum passive diameter.
NO imaging.
PAs and MAs were surgically opened and pinned down on a Sylgard block in en
face preparation for NO imaging from intact EC and SMC layers. NO levels were assessed
using 5 mol/L DAF-FM (4-amino-5 methylamino-2’,7’-difluorofluorescenin diacetate)
prepared in Hepes PSS with 0.02% pluronic acid 131. DAF-FM forms a fluorescent triazole
compound after binding to NO. En face PAs or MAs were pre-treated with GSK101, L‐
N G‐nitroarginine (L-NNA), or GSK219 in Hepes-PSS for 5 minutes at 30˚C. Arteries were
then incubated with DAF-FM containing the drug under consideration for 20 minutes at
30˚C in the dark. Validity of DAF-FM as an NO indicator was tested by treating PAs with
NO donor Spermine NONOate (NONOate, 3-30 mol/L), and recording the DAF-FM
fluorescence (Figure 8). Spermine NONOate was selected because it has a long half-life
(~39 min) and releases a controlled amount of NO in solution. The experiments using
NONOate were performed in the presence of L-NNA to eliminate the effect of endogenous
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release of NO in response to TRPV4 channel activation. The arteries were incubated with
either Hepes-PSS (baseline) or 30 nmol/L GSK101 in the absence or presence of 200
µmol/L L-NNA to determine whether localized Ca2+ influx through EC TRPV4 channels
contributes to NO release through NOS activation. DAF-FM fluorescence was imaged
using Andor Revolution WD (with Borealis) spinning-disk confocal imaging system
(Andor Technology, Belfast, UK) comprised of an upright Nikon microscope with a 60X
water dipping objective (numerical aperture (NA) 1.0) and an electron multiplying charge
coupled device (CCD) camera. 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 size of 0.05 microns from the top of
the ECs to the bottom of the SMCs. DAF-FM fluorescence was analyzed using customdesigned SparkAn software by Dr. Adrian D. Bonev (University of Vermont, Burlington,
VT). An outline was drawn around each EC or SMC to obtain the arbitrary fluorescence
intensity of that cell. The background fluorescence was then subtracted from the recorded
fluorescence. The fluorescence numbers from all the cells in a field of view were averaged
to obtain single fluorescence number for that field. Relative changes in DAF-FM
fluorescence were obtained by dividing the fluorescence in the treatment group by that in
the control group. Each field of view was considered as n=1, and several fields of view
from at least three arteries from at least three mice were included in the final analysis.
Ca2+ imaging.
Measurement of Ca2+ events in the native ECs from PAs was performed as previously
described22,23. Briefly, Andor Revolution WD (with Borealis) spinning-disk confocal
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imaging system described above was used to record Ca 2+ influx events in en face PAs. Ca2+
events were recorded at 30 ms per image before and after 5 minutes of each treatment. The
arteries were loaded with fluo-4 AM (10 mol/L) in the presence of pluronic acid (0.04%)
at 30°C for 30 minutes for PAs and 45 minutes for MAs. The majority of experiments were
carried out in the presence of cyclopiazonic acid (CPA, 20 mol/L, a sarco-endoplasmic
reticulum Ca2+-ATPase inhibitor) in order to eliminate the interference from Ca2+ release
from intracellular stores. Ca2+ binding-induced changes in emitted fluorescence were
observed by exciting at 488 nm with a solid-state laser and collecting emitted fluorescence
using a 525/36-nm band-pass filter. In the studies examining whether S-nitrosylation of
TRPV4 channels mediated the effect of NO on channel activity, flash photolysis using
Ultraviolet (UV) light pulse of 10 ms (Andor Mosaic 3 Infinity, Andor Technology, and
pE-4000, CoolLED Ltd, Andover, UK) was conducted to dissociate the S-NO bonds on
TRPV4 channels. The experiments using NONOate were performed in the presence of LNNA to eliminate the effect of endogenous release of NO in response to TRPV4 channel
activation. TRPV4 Ca2+ sparklets and Ca2+ release events from the ER in ECs were
analysed using custom-designed SparkAn software. To generate fractional fluorescence
(F/F0) traces, a region of interest (ROI) defined by a 1.7 μm 2 (5 x 5 pixels) box was placed
at a point corresponding to peak sparklet amplitude. Each field of view was ~110 × 110
m and covered approximately 15 ECs. Representative F/F0 traces were filtered using a
Gaussian filter and a cut-off corner frequency of 4 Hz. Sparklet activity, all-points
histograms, and coupling coefficients were determined as described previously using the
custom-designed SparkAn software, Clampfit and OriginPro7.5 22,23.
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Localization of sparklets at myoendothelial projections (MEPs).
To determine the localization of sparklets at MEPs, the arteries were incubated with
100 mol/L Alexa Fluor 633 hydrazide. Alexa 633 hydrazide cannot penetrate into the
cells, but preferentially binds to elastin-containing internal elastic lamina (IEL), thereby
illuminating the IEL132,133 for 15 minutes following Ca2+ imaging experiment. The images
were then acquired in the fields of view from which Ca2+ signals were recorded, using
excitation wavelengths of 640 nm (for IEL staining) and 488 nm (for fluo-4), and capturing
the emitted fluorescence using 685/40- and 525/36-nm band-pass filters, respectively.
ROIs (1.7 m2) corresponding to the peak sparklet fluorescence were overlaid onto the IEL
staining image. The ROIs within 5 m from the centre of the holes in the IEL were counted
as MEP sparklet sites and the remaining ROIs were counted as non-MEP sparklet sites, as
we have done previously23. A sparklet site displays spread of calcium away from the site
of initiation. In 88% of sparklet sites, the site of sparklet initiation coincided with the peak
sparklet amplitude. Therefore, the ROI corresponding to the peak sparklet amplitude was
used to analyze the sparklet localization data.
Calculation of sparklet activity per site and sparklet activity per field.
Activity of TRPV4 Ca2+ sparklets was evaluated as described previously22,23. Area
under the curve (AUC) for all the events at a site was determined using trapezoidal
numerical integration ([F − F0]/F0 over time, in seconds). The average number of active
TRPV4 channels, as defined by NPO (NPO, where N is the number of channels at a site and
PO is the open state probability of the channel), was calculated by
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NPO = (Tlevel1 + 2Tlevel2 + 3Tlevel3 + 4Tlevel4) / Ttotal

(3)

where T is the dwell time at each quantal level detected at TRPV4 sparklet sites and Ttotal
is the duration of the recording. NPO was determined using Single Channel Search module
of Clampfit and quantal amplitudes derived from all-points histograms (ΔF/F 0 of 0.29 for
Fluo-4–loaded PAs). NPO for all the sites in a field was averaged to obtain NPO per site.
For the studies on baseline sparklet activity (without GSK101), some of the fields showed
no sparklet activity at the baseline but L-NNA still increased the sparklet activity.
Therefore, we used NPO per field instead of NPO per site to estimate the effect of L-NNA
on baseline sparklet activity. All NPO per site values for all the sites in a field were
summated to calculate NPO per field.
Construction of all-points histograms.
As described previously22, all-points amplitude histograms were constructed by
first filtering Ca2+ images with a Kalman filter (adopted from an ImageJ plug-in written by
Christopher Philip Mauer, Northwestern University, Chicago, IL; acquisition noise
variance estimate=0.05; filter gain=0.8) to assess quantal amplitudes of Ca 2+ influx events
(i.e., equal increments of fluorescence signals over increasing numbers of TRPV4
channels). All sparklet events with at least five steady baseline points and a steady peak of
at least five data points were used for the construction of all points histograms, whereas
channel openings with either unstable baseline or shorter duration of opening (e.g., fewer
than five data points at the peak) were excluded from this analysis. The analysis was
undertaken with Ca2+ images obtained from 3-5 fields from 3-5 PAs from C57BL6/J or
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GCaMP2 mice. F/F0 traces were exported to ClampFit10.3 for constructing all-points
histograms, which were then fit with multiple Gaussian function:

𝑓(𝐹/𝐹 ) =

√

exp [

(

)

]

(4)

where F/F0, a, μ, and σ2 represent the fractional fluorescence, area, mean value, and
variance of the Gaussian distribution, respectively. Statistical differences in the quantal
levels of TRPV4 mediated Ca2+ sparklets between diverse treatment regimens were
evaluated based on a 95% confidence interval calculated from the mean and standard error
for each peak.
Determination of coupling coefficients.
Coupling coefficients for the coupling among TRPV4 channels at a cluster were
determined using a coupled Markov chain model in MATLAB, as previously
described23,134-137. [F-F0]/F0 traces showing steady baseline (i.e., at least 30s duration) were
selected for analyzing the cooperative gating of TRPV4 channels. Each TRPV4 sparklet
site was examined separately. The coupled Markov chain model developed by Chung and
Kennedy135 was used to simulate and fit independent records of partially coupled channels.
Openings of single TRPV4 channel were identified using a single channel amplitude (i.e.,
quantal level) of 0.29 ΔF/F0 for mouse PAs loaded with fluo-4 and a half-amplitude
protocol in a program written in MATLAB. TRPV4 channel activity was considered as a
first-order and discrete Markov chain. The built-in Hidden Markov parameter estimation
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function in MATLAB was utilized to estimate a Markovian transition matrix based on the
TRPV4 sparklet data and their corresponding channel opening time course. The estimated
transition matrix was modeled as a partially coupled Markov chain, suggesting the coupling
coefficient (κ) values varying from 0 (no coupling or independent gating) to 1 (maximum
coupling).
Immunostaining for AKAP150 and PKG in ECs of the intact PAs and MAs.
Immunostaining assay was performed as described previously 23. Briefly, mouse
intact PAs and MAs cut longitudinally and pinned down on SYLGARD blocks were
rapidly fixed with ice-cold acetone for 10-min and then washed 3 times with phosphatebuffered saline (PBS). The arteries were permeabilized with 0.2% Triton-X for 30-min,
blocked with 5% normal donkey serum (ab7475, Abcam, Cambridge, MA) for 1 hour, and
incubated with a goat polyclonal AKAP150 antibody (sc-6445, 1:250, Santa Cruz
Biotechnology, Dallas, TX, USA) or a rabbit polyclonal anti-cGKI antibody (ab37709,
1:100, Abcam, Cambridge, MA) overnight at 4°C. After 5 washes with PBS, PAs and MAs
were incubated with Alexa Fluor® 568-conjugated donkey anti-goat (A11057, 1:500, Life
Technologies, Carlsbad, CA) or anti-rabbit secondary antibody (A10042, 1:500, Life
Technologies) for 1 hour at room temperature in a dark room. Immunostaining images were
acquired using Andor imaging system described above. Images were obtained along the zaxis from the top of ECs to the bottom of SMCs with a slice size of 0.05-m. Connective
tissue autofluorescence was evaluated by exciting at 488 nm with a solid-state laser and
collecting emitted fluorescence with a 525/36-nm band-pass filter. AKAP150 and PKG
immunostaining (i.e., red-pseudo color images) was assessed by exciting at 561 nm and
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collecting emitted fluorescence with a 607/36 -nm band-pass filter. The specificity of the
antibodies was tested using competing peptides and by substitution with PBS. AKAP150
or PKG-associated staining was absent under these conditions.
Statistics.
The n number represents the unit of analysis, and has been specified in each figure
legend. The data in this manuscript were normally distributed, therefore, parametric
statistics were performed and mean ± SEM were used to describe the data set. P value of
less than 0.05 was considered significant. The n numbers and P values are indicated in each
figure legend. Two-tailed, paired (for paired observations) or independent two sample ttest was used for comparisons between two groups. One–way ANOVA with post hoc
Tukey test (comparing different means) or Dunnett test (comparisons with control group)
or 2‐way ANOVA with post hoc Tukey test was used for comparing 3 or more groups.
Statistical analysis was performed using OriginPro7.5. For all the calculations of TRPV4
sparklet activity per site and activity per field, n value represents number of fields 22. For
the coupling coefficient analysis, n value represents number of sites 22,23. Only 1 artery from
a mouse was used for 1 experimental treatment. Within an experimental treatment group,
activity per site did not change significantly among different fields from the same artery
(P>0.05), or among fields from different arteries as determined using 1‐way ANOVA.
Moreover, the coupling coefficient values also did not change significantly among different
fields from the same artery, or among fields from different arteries under the same
experimental treatment group. In some cases, activity per field was calculated instead of
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activity per site to account for fields with no active sites, and was not significantly different
among different arteries from the same experimental treatment group.

2.2. Materials and Methods for Chapter 4:
Animal models and procedures.
All animal protocols were approved by the University of Virginia Animal Care and
Use Committee. Male C57BL6/J and endothelium-specific TRPV4 (TRPV4 EC-/-) and Cav1 (Cav-1EC-/-) knockout mice (10-14 weeks) were used for all the studies. TRPV4 EC-/- and
Cav-1EC-/- mice were generated by crossing TRPV4lox/lox or Cav-1lox/lox mice with
tamoxifen-inducible VE-Cadherin (Cdh5) Cre mice. Mice were euthanized with
pentobarbital (90 mg/kg; intraperitoneal) followed by decapitation. Lungs and heart were
taken out en block and placed in cold Hepes-buffered physiological salt solution (HepesPSS; concentration in mmol/L, 10 HEPES, 134 NaCl, 6 KCl, 1 MgCl2 hexahydrate, 2
CaCl2 dihydrate, and 7 dextrose, pH adjusted to 7.4 using 1 mol/L NaOH).
Generation of TRPV4EC-/- and Cav-1EC-/- mice.
TRPV4lox/lox (Wolfgang Liedtke, Duke University) and Cav-1lox/lox (Richard
Minshall, University of Illinois, Chicago) were crossed with VE-Cadheren (Cdh5) Cre
mice (Ralf Adams). TRPV4lox/lox and Cav-1lox/lox Cre- mice were used as wild-type (WT)
controls. Knockout of TRPV4 or Cav-1 were induced by injecting 6 week-old TRPV4 lox/lox
Cre+ or Cre- and Cav-1lox/lox Cre+ or Cre- mice with tamoxifen (40 mg/kg i.p. per day for
10 days). Mice were used after a two-week washout period. Specific deletion of TRPV4 or
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Cav-1 from ECs was confirmed using immunostaining and mRNA levels on freshly
isolated endothelial cells (described below).
Genotyping.
Genomic DNA was extracted from mouse ear clip samples treated with HotSHOT
lysis buffer (25 mM NaOH, 0.2 mM EDTA) followed by equal volume of neutralization
solution (40 mM Tris-HCl). Polymerase chain reactions were performed using 1 unit
Bioline MangoTaq Polymerase and buffer (London, England), 1.5 mM MgCl 2, 200 M of
each dNTP, 1 M 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 run on a
1% agarose gel containing 0.2 g/L 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 primers
included:

Cdh5

Cre,

5’

GCCTGCATTACCGGTCGATGCAACGA,

GTGGCAGATGGCGCGGCAACACCATT;TRPV4loxP,

3’
5’

TGAAATCTGACCTCTTGTCCCC, 3’ TTGTGTACTGTCTGCACACCAGGC; Cav1loxP,

F1”

5’-TTCTGTGTGCAAGCCTTTCC-3’,

R1”

5’-

GTGTGCGCGTCATACACTTG-3’ All primers were ordered from Eurofins Genomics
(Louisville, KY).
Quantitative polymerase chain reaction (qPCR).
For whole artery isolation, PAs were dissected and placed in 500 L RTL buffer
(Qiagen RNeasy Mini Kit, Hilden, Germany) with 5 L -mercapto enthanol and

40
homogenized using a Standard Microhomogenizer (PRO Scientific Inc., Oxford, CT,
USA). For freshly isolated ECs, PAs were enzymatically digested 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) 60
minutes at 37°C. Isolated ECs (~2000) were transferred to RTL buffer with -mercapto
ethanol and snap frozen in liquid nitrogen. RNA was isolated using the Quiagen RNeasy
Mini Kit (Hilden, Germany). Samples were purified using the Invitrogen DNA-free DNA
Removal Kit (Waltham, MA). RNA was converted to cDNA with the Bio-Rad iScript
cDNA Synthesis Kit. The qPCR reaction mixes were prepared using Bio-Rad 2X SYBR
Green Master Mix, 200 nM 5’ and 3’ primers, and 20 nM cDNA. Samples were run on a
Bio-Rad CFX96 qPCR Detection System. Data were analyzed using the ΔΔC t method.
qPCR primers for TRPV4, Cav-1, and GAPDH (internal control) were ordered from
GeneCoepia Inc. (Rockville, MD, USA). The remaining qPCR primers included iNOS,
and NOX1 were ordered from Eurofins Genomics (Louisville, KY).
Right ventricular systolic pressure (RVSP) measurement.
Mice were anesthetized with pentobarbital (50 mg/kg BW; i.p.) and bupivacaine
HCl (100 l of 0.25% solution, s.c.) was used to numb the dissection site on the mouse.
Right ventricular systolic pressures (RVSPs) were measured as an indicator of pulmonary
arterial pressure. A Mikro-Tip pressure catheter (SPR-671; Millar Instruments, Huston,
TX) connected to a bridge amp (FE221), and a PowerLab 4/35 4-channel recorder
(Instruments, Colorado Springs, CO) was cannulated through the external jugular vein into
the right ventricle. Right ventricular pressure and heart rate were acquired and analyzed
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using LabChart8 software (ADInstruments, Colorado Springs, CO). A stable 3-minute
recording was acquired for all the animals, and 1 minute continuous segment was used for
data analysis. Drugs were administered through an intraperitoneal injection following a
baseline recording. Changes in RVSP to drug administration were recorded 10 minutes
post-injection. When necessary, traces were digitally filtered using a low-pass filter at a
cut-off frequency of 50 Hz. At the end of the experiments, mice were euthanized, and the
hearts were isolated for right ventricular hypertrophy analysis. Right ventricular
hypertrophy was determined by calculating the Fulton Index, a ratio of the right ventricular
(RV) heart weight over the left ventricular (LV) plus septum (S) heart weight (RV/ LV+S).
Pressure myography.
Pressure myography experiments were conducted as described previously 29.
Briefly, fourth-order PAs (~150-100 m) were cannulated on glass pipettes mounted on an
arteriography chamber (The Instrumentation and Model Facility, University of Vermont,
VT) and pressurized to a physiological pressure of 15 mmHg. PAs were superfused with
PSS (in mmol/L, 119 NaCl, 4.7 KCl, 1.2 KH2PO4, 1.2 MgCl2 hexahydrate, 2.5 CaCl2
dihydrate, 7 dextrose, and 24 NaHCO3) at 37°C and bubbled with 20% O2/5% CO2 to
maintain the pH at 7.4. PAs were preconstricted with the thromboxane A2 (receptor)
agonist (U46619, 100 nM). Endothelium health was confirmed by a dilation to the IK and
SK channel opener (NS309, 1 M). Vascular reactivity was tested by addition of specific
pharmacological treatments directly to the superfused PSS and incubated for 5-10 min.
Changes in the internal diameter were recorded using a charge-coupled device camera set
to a 60-ms frame rate and edge detection software (IonOptix LLC, Westwood, MA). At
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the end of each experiment, PAs were incubated with Ca2+ free-PSS (in mmol/L, 119 NaCl,
4.7 KCl, 1.2 KH2PO4, 1.2 MgCl2 hexahydrate, 7 dextrose, 24 NaHCO3, and 5 EGTA) to
assess the maximum passive diameter. Percent vasoconstriction was calculated by:
(𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟
− 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟
𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟

)

∗ 100

where Diameterinitial is the internal diameter of the PA before the drug treatment and
Diameterfinal is the diameter after the drug treatment. Percent vasodilation was calculated
by:
(𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟
(𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟

− 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟
− 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟

)
)

∗ 100

where Diameterdilated is the internal diameter after drug treatment, Diameterbasal is the
internal diameter before drug treatment, and DiameterCa2+ free is the maximum passive
internal diameter.
Ca2+ imaging.
Ca2+ imaging experiments were performed as described previously29. Fourth-order
PAs were pinned en face on SYLGARD blocks and incubated with fluo-4 AM (10 M)
and pluronic acid (0.04 %) dissolved in HEPES-PSS and incubated at 30° C for 45 min in
the dark. PAs were superfused with PSS warmed to 37 °C and bubbled with 20% O 2/ 5%
CO2 to maintain pH at 7.4. Images were recorded before and 5-10 minutes after the addition
of a pharmacological treatment to the superfusing PSS. PAs were treated with the sarcoendoplasmic reticulum (SR/ER) Ca2+- ATPase inhibitor, cyclopiazonic acid (CPA; 20 mM)
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for 15 min. Ca2+ images were acquired at 30 frames per second using Andor Revolution
WD (with Borealis) spinning-disk confocal 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. Fluo4 fluorescence was imaged at an excitation of 488 nm solid-state laser and emitted
fluorescence was captured using a 525/36 nm band-pass filter.
Analysis of TRPV4EC Ca2+ sparklets.
Ca2+ influx through TRPV4EC (TRPV4EC sparklets) were analyzed using a customdesigned SparkAn software developed by Dr. Adrian Bonev (University of Vermont) as
described previously29. Fractional fluorescence traces (F/F0) were obtained by selecting a
region of interest (ROI; 1.7 m2, 5×5 pixels) on individual sparklet sites. Representative
F/F0 traces were filtered using a Gaussian Filter and a cutoff corner frequency of 4 Hz.
TRPV4EC sparklets were measured using the increase in fluorescence over the averaged
fluorescence obtained from 10 images. The averaged TRPV4 EC sparklet activity is defined
as NPO (where N is the number of TRPV4 channels per site and P O is the open state
probability of the channel) and was calculated using the Single Channel Search module of
Clampfit quantal amplitudes derived from the all-points histogram (0.29 ΔF/F 0 for fluo-4
loaded PAs) and the following equation:

𝑁𝑃𝑜 =

(𝑇

+ 2𝑇

+ 3𝑇
𝑇

+ 4𝑇

)

where T is the dwell time at each quantal level detected at each TRPV4 sparklet site, and
Ttotal is the recording duration. Averaged NPo per site was calculated by averaging the NPO
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for all the sites in a field. Total number of sites per field was calculated by the number of
TRPV4EC sparklet sites per field averaged over all the fields in different PAs. All the
sparklets in a field were added to obtain the total number of sites per field of view.
Immunostaining.
Immunostaining was performed on fourth-order PAs pinned en face on SYLGARD
blocks. PAs were fixed using 4% paraformaldehyde (PFA) at room temperature for 15
minutes and then washed 3 times with phosphate-buffered saline (PBS) solution. The tissue
was permeabilized with 0.2% Triton-X for 30 minutes, blocked with 5% normal donkey
serum (ab7475, Abcam, Cambridge, MA) or normal goat serum (ab7475, Abcam,
Cambridge, MA), depending on the host of the secondary antibody used, for one hour at
room temperature. Primary antibodies (Table 1) were incubated with overnight at 4 °C.
Afterwards, PAs were incubated secondary antibody for one hour at room temperature in
the dark room. For nuclear staining, PAs were washed with PBS and then incubated with
0.3 M DAPI (Invitrogen, Carlsbad, CA, USA) for 10 minutes at room temperature.
Images were acquired along the z-axis starting at the top of the ECs with a slice size of
0.02 m using the Andor microscope described above. The internal elastic lamina (IEL)
autofluorescence was evaluated using an excitation of 488 nm with a solid-state laser and
collecting the emitted fluorescence with a 525/36 nm band-pass filter. Immunostaining for
the protein of interest was evaluated using an excitation of 561 nm and collecting the
emitted fluorescence with a 607/36 nm band-pass filter. DAPI immunostaining was
evaluated using an excitation of 409 nm and collecting the emitted fluorescence with a
447/69 nm band-pass filter. Imaris 9.3 was used to render 3D images of the en face PA.
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Proximity Ligation Assay (PLA).
Fourth order PAs were pinned en face on SYLGARD blocks. PAs were fixed with
4% paraformaldehyde (PFA) for 15 minutes followed by three washes with PBS. PAs were
permeabilized with 0.2% Triton X for 30 minutes at room temperature followed by
blocking with 5% normal donkey serum (Abcam plc, Cambridge, MA, USA) and 300 mM
glycine for one hour at room temperature. After three washes with PBS, PAs were
incubated with the primary antibody overnight at 4 °C. The PLA protocol from Duolink
PLA Technology kit (Sigma-Aldrich, St. Louis, MO, USA) was followed for the detection
of co-localized proteins. Lastly, PAs were incubated with 0.3 M DAPI nuclear staining
(Invitrogen, Carlsbad, CA, USA) for 10-min at room temperature in the dark room. PLA
images were acquired using the Andor Revolution spinning-disk confocal imaging system
along the z-axis at a slice size of 0.02 mm from the top of the EC to the bottom of the SMC.
Images were analyzed by normalizing the number of positive puncta in the endothelium
per number of nuclei in a field.

Table 1. List of antibodies used for immunostaining and PLA on en face PAs.

Protein
TRPV4
Cav-1
PKC

Product no.
LSC 94498
ab2910
SC-17769

Company
LifeSpan BioScience INC
Abcam plc.
Santa Cruz Biotechnology, Inc.

Nitric oxide (NO) measurements.

Address
Seattle, WA, USA
Cambridge, MA, USA
Dallas, TX, USA

Concentration
1:200
1:500
1:250
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PAs were pinned en face on SYLGUARD blocks and incubated with DAF-FM (4amino-5 methylamino-2’,7’-difluorofluorescenin diacetate, 5 M) in Hepes-PSS with
0.02% pluronic acid for 20 min at 30 °C in the dark. DAF-FM forms a fluorescent triazole
compound after binding to NO. DAF-FM fluorescence was imaged using an excitation of
488 nm solid state laser and collecting the emitted fluorescence was captured with a 525/36
nm band-pass filter using the Andor Revolution spinning disk confocal imaging system.
Images were obtained along the z-axis at a slice size of 0.02 m from the top of the
endothelial cells to the bottom of the smooth muscle cell. DAF-FM fluorescence was
analyzed using the custom-designed SparkAn software by placing region of interest
outlining each EC and obtaining the arbitrary fluorescence intensity for each cell. The
background fluorescence was subtracted from the average cell fluorescence. EC
fluorescence was averaged to all the other cells in a field to obtain a single fluorescence
number for each field.
Plasmid generation and transfection into HEK293 cells.
The TRPV4 coding sequence without stop codons was amplified from mouse heart
cDNA. The amplified fragment was inserted into a plasmid backbone containing a CMV
promoter region for expression and in addition, is suitable for lentiviral production by
Gibson assembly. The in-frame FLAG tag was inserted into the 3’-primer used for
amplification. Cav-1 plasmids were obtained from Origene Technologies (Montgomery
County, MD). Constructs were verified by sequencing the regions that had been inserted
into the plasmid backbone. HEK293 cells were seeded (7 x 10 5 cells per 100 mm dish) in
Dulbecco’s Modified Eagle Medium with 10% fetal bovine serum (Thermo Fisher
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Scientific Inc. Waltham, MA, USA) one day prior to transfection. Cells were transfected
using the LipifectamineLTX protocol (Thermo Fisher Scientific Inc. Waltham, MA, USA).
Patch clamp experiments were conducted 48 hours after transfection.
Patch clamp in HEK293 cells.
HEK293 cell currents were recorded using whole-cell patch configuration. Cells
were kept at room temperature in a bathing solution consisting 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). Currents were
measured using a voltage clamped protocol where a voltage-ramp pulses (-100 mV to +100
mV) was applied over 200 ms with a holding potential of -50 mV. TRPV4 currents were
measured before or five minutes after treatment with peroxynitrite (5 M).
Drugs and chemical compounds.
Cyclopiazonic acid, GSK1016790A, GSK2193874, NS309, and tempol were
purchased from Tocris Bioscience (Minneapolis, MN, USA). DAF-FM were purchased
from Thermo Fisher Scientific Inc. (Waltham, MA, 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.
All results are presented as mean ± SEM. Data figures were made using CorelDraw
Graphic Suite X7 (Ottawa, ON, Canada). Statistical analysis was performed using
OriginPro 7.5 (Northampton, MA, USA). A two-tailed, paired or independent t-test (for
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comparison of data collected from two different treatments) or one-way ANOVA (to
investigate statistical differences among more than two different treatments) were
performed to determine statistically significant differences between groups. If significant,
Tukey correction was performed for post hoc testing. Statistical significance was
determined as a p value less than 0.05.
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CHAPTER 3. NITRIC OXIDE-DEPENDENT FEEDBACK LOOP REGULATES
TRPV4 CHANNEL COOPERATIVITY AND ENDOTHELIAL FUNCTION IN
SMALL PULMONARY ARTERIES
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3.1 Abstract
Recent studies demonstrate that spatially restricted, local Ca 2+ signals are key
regulators of endothelium-dependent vasodilation in systemic circulation. There are drastic
functional differences between pulmonary arteries (PAs) and systemic arteries, but the
local Ca2+ signals that control endothelium-dependent vasodilation of PAs are not known.
Localized, unitary Ca2+ influx events through TRPV4 (transient receptor potential vanilloid
4) channels, termed TRPV4 sparklets, regulate endothelium-dependent vasodilation in
resistance-sized mesenteric arteries via activation of Ca2+-dependent K+ channels. The
objective of this study was to determine the unique functional roles, signaling targets, and
endogenous regulators of TRPV4 sparklets in resistance-sized PAs. Using confocal
imaging, custom image analysis, and pressure myography in fourth-order PAs in
conjunction with knockout mouse models, we report a novel Ca 2+ signaling mechanism
that regulates endothelium-dependent vasodilation in resistance-sized PAs. TRPV4
sparklets exhibit distinct spatial localization in PAs when compared to mesenteric arteries,
and preferentially activate endothelial nitric oxide synthase (eNOS). Nitric oxide released
by TRPV4-eNOS signaling not only promotes vasodilation, but also initiates a guanylyl
cyclase-protein kinase G-dependent negative feedback loop that inhibits cooperative
openings of TRPV4 channels, thus limiting sparklet activity. Moreover, we discovered that
adenosine triphosphate (ATP) dilates PAs through a P2 purinergic receptor-dependent
activation of TRPV4 sparklets. Our results reveal a spatially distinct TRPV4-eNOS
signaling mechanism and its novel endogenous regulators in resistance-sized PAs.
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3.2 Introduction
Endothelial cells (ECs) from small, resistance-sized arteries are key controllers of
vascular resistance. Recent studies in systemic arteries—including mesenteric, cremaster,
and cerebral arteries—have demonstrated that endothelium-dependent vasodilation is
controlled by local, spatially restricted increases in endothelial Ca 2+ while the whole-cell
Ca2+ level remains unchanged22,23,132,138,139. In contrast to systemic arteries, pulmonary
arteries (PAs) comprise a low pressure, high flow circulation. Moreover, systemic and
pulmonary vascular resistances can be regulated independently 140. The distinct signaling
mechanisms that regulate endothelial function in small PA are poorly understood.
Unraveling the local Ca2+ signals in small PAs may be necessary for understanding
endothelial regulation of pulmonary vascular resistance (PVR) under normal and disease
conditions.
In mesenteric, cremaster, and cerebral arteries TRPV4 channels are key regulators
of endothelium-dependent vasodilation22,132,141. In mesenteric arteries, local, unitary Ca2+
influx events through endothelial TRPV4 (transient receptor potential vanilloid 4)
channels, termed “TRPV4 sparklets”, activated endothelial IK/SK (Ca 2+-activated
intermediate and small conductance K+) channels to cause vasodilation

22,23

. The

biophysical properties, signaling targets, and endogenous regulators of TRPV4 sparklets
in small PAs remain unknown. Endothelium-derived nitric oxide (NO) is thought to be the
predominant vasodilator in the pulmonary circulation101,142-145. Increase in global Ca2+ has
long been associated with activation of endothelial nitric oxide synthase (eNOS). Whether
a specific local Ca2+ signal can activate eNOS has not been elucidated. In this study, we
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explored the possibility that local, unitary Ca2+ influx through TRPV4 channels activates
eNOS

in

small

PAs,

a

signaling

mechanism

different

from

small

mesenteric/cremaster/cerebral arteries22,132,141.
NO can alter the activity of several ion channels by S-nitrosylation or activation of
guanylyl cyclase-protein kinase G (GC-PKG) signaling146-150. In cultured cells, Snitrosylation of TRPV4 channels increased the channel function 151, and activation of GCPKG signaling reduced the channel activity152. Therefore, in PAs, TRPV4-eNOS signaling
could activate a bidirectional regulation, where TRPV4 channels promote NO release,
which in turn regulates TRPV4 channel function. Ca2+-dependent cooperative opening of
TRPV4 channels in a cluster has emerged as a key mechanism for modulating TRPV4
channel function22,23,153,154. We postulated that TRPV4-induced NO release modulates
TRPV4 channel activity by altering cooperative openings of TRPV4 channels.
Discovering the endogenous activators of TRPV4 channels in small PAs is central
to deciphering the unique physiological roles of TRPV4 channels in pulmonary circulation.
In this regard, purinergic receptor agonist ATP (adenosine triphosphate) has been shown
to increase endothelial Ca2+ and cause vasodilation in large, conduit PAs155-157. ATP can
be released into the circulation by ECs, smooth muscle cells, and red blood cells 158,159.
Circulatory ATP may, therefore, serve as an important regulator of pulmonary vascular
resistance. We hypothesized that ATP is a novel, endogenous activator of TRPV4 channels
in small PAs.
In the current study we provide the first evidence that local Ca 2+ signals–TRPV4
sparklets–regulate baseline and induced eNOS activity to dilate small PAs. Moreover, we
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report ATP as a novel endogenous activator of TRPV4 channels that promotes TRPV4eNOS signaling through P2 purinergic receptors. NO is another endogenous regulator of
TRPV4 channels that limits TRPV4 channel activity by disrupting the coupling among
TRPV4 channels via activation of endothelial GC-PKG mechanism. These results reveal
distinct, novel local Ca2+ signaling mechanisms that regulate endothelial function in small
PAs.

3.3 Results
Native endothelium from small PAs exhibits unitary TRPV4 sparklets with distinct spatial
properties.
We recently discovered localized, unitary Ca2+ influx events through TRPV4 channels in
the endothelium from small mesenteric arteries (MAs), and termed them TRPV4
sparklets22,23. Because of the structural and functional differences between systemic and
pulmonary circulations140, we hypothesized that TRPV4 sparklets from small PAs exhibit
unique biophysical properties. Local Ca2+ signals were studied in the intact endothelium
from small (~100-200 m), fourth-order PAs (Figure 2A, top panel). Cyclopiazonic acid
(CPA, 20 μmol/L, sarcoplasmic/endoplasmic reticulum Ca 2+-ATPase inhibitor) was
employed to deplete intracellular stores of Ca2+ and to eliminate the interference from Ca2+
release from intracellular stores in en face PAs. In the presence of CPA alone, there were
~ 2 TRPV4 sparklet sites per field of view (~ 15 ECs, Figure 2A, top panel) within a
recording duration of 1 minute (Figure 3A). The number of TRPV4 sparklet sites per field
was increased 2- and 7-fold by the selective channel agonists, GSK1016790A (GSK101; 3
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nmol/L) and RN1747 (1 mol/L), respectively (Figure 3A and B). The TRPV4 sparklet
activity was almost entirely inhibited by selective TRPV4 inhibitors GSK2193874
(GSK219; 100 nmol/L) and HC067047 (HC067; 1 mol/L) (Figure 2A, middle and bottom
panels; Figure 3A). The Ca2+ sparklets elicited by GSK101 and RN1747 were absent in
arteries from TRPV4-/- mice (Figure 2A, bottom panel – Figure 3A). The Ca2+ sparklets
elicited by GSK101 were immediately abolished as the external Ca 2+ was changed from 2
mmol/L to 0 mmol/L (Figure 2A, bottom panel; Figure 3C), confirming that the TRPV4
sparklets represented the influx of extracellular Ca 2+ through TRPV4 channels on EC
membrane. Moreover, the increase in fluorescence at a sparklet site was not accompanied
by an increase in whole-cell fluorescence (Figure 4), indicating that TRPV4 sparklets did
not alter whole-cell Ca2+ levels. The surface area encompassed by EC outlines was ~ 45fold higher than the spatial spread of TRPV4 sparklets, further supporting the local nature
of sparklets (Figure 4C).
The fractional fluorescence (F/F0) traces revealed square, discrete amplitudes of
TRPV4 sparklets, reminiscent of single-channel openings from a patch clamp experiment
(Figure 2A, middle panel). Therefore, we used the following single-channel opening
criteria to determine whether Ca2+ sparklets in PAs are unitary events22,160 - 1) small
recording volumes; 2) high Ca2+ permeability and single channel conductance; 3) quantal
amplitudes, and 4) dependence of the sparklet amplitude on Ca 2+ electrochemical gradient
but not on the concentration of the agonist or inhibitor160. Regarding the first criterion, ECs
from small PAs are ~ 1 µm thick, corresponding to a recording volume of 1.2 fL. TRPV4
channels have been demonstrated to have a large single channel conductance and Ca 2+
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permeability161, satisfying the second criterion. A multiple Gaussian fit to all-points
histogram of the fractional fluorescence established a stepwise increase in amplitude, with
the quantal level being 0.29 ∆F/F0 for the arteries loaded with fluo-4 (Figure 2B), and 0.19
∆F/F0 for the arteries from GCaMP2Cx40 mice (Figure 5A - top). Increasing the extracellular
Ca2+ from 2 mmol/L to 10 mmol/L produced a 70% increase in the quantal level of Ca 2+
sparklets (Figure 5A - middle). Reducing the electrochemical gradient for Ca2+ influx by
depolarizing EC membranes using 100 mmol/L extracellular K + decreased the amplitude
of these events by 50% (Figure 5A - bottom), satisfying the third criterion. Moreover, the
quantal amplitude did not change with the use of different agonists, with increasing
concentration of an agonist, or with the use of TRPV4 inhibitor (Figure 5B), satisfying the
fourth criterion. These results supported the concept that TRPV4 sparklets in PA
endothelium represent unitary Ca2+ influx events through TRPV4 channels.
In small MAs, the majority (~ 60%) of TRPV4 sparklet sites occurred at endothelial
projections to smooth muscle cells (SMCs) or myoendothelial projections (MEPs) 23, where
IK channels were also localized23,132. In small PAs, however, a small percentage of sparklet
sites (25 ± 3%; n=5 PAs) occurred at the MEPs. To confirm the spatial differences in
sparklet localization between small PAs and MAs, internal elastic lamina (IEL) was stained
with Alexa Fluor 633 (a marker for extracellular matrix)133 immediately after Ca2+ imaging
experiments. Overlay of sparklet site ROIs with IEL staining images showed that only ~
28% of the sparklet sites overlapped with MEPs in small PAs, whereas ~65% sparklet sites
overlapped with MEPs in small MAs (Figures 2C, 2D). The total number of holes per field
of view was, however, higher in PAs compared to MAs (Figure 2D). These results
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established the spatial differences in TRPV4 sparklet activity between small PAs and MAs.
We previously showed that MEP-localized A-kinase anchoring protein 150 (AKAP150)
was required for localization of TRPV4 sparklets at MEPs in MAs. Consistent with the
non-MEP localization of sparklets in PAs, only ~ 5% of holes in the IEL showed
identifiable AKAP150 staining in PAs when compared to ~90% of the MEPs in MAs
(Figure 2E).
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FIGURE 2. NATIVE ENDOTHELIUM FROM SMALL PULMONARY ARTERIES
(PAS) DISPLAYS TRANSIENT RECEPTOR POTENTIAL VANILLOID 4
(TRPV4) SPARKLETS WITH DISTINCT SPATIAL LOCALIZATION.
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Figure 2. Native endothelium from small pulmonary arteries (PAs) displays transient
receptor potential vanilloid 4 (TRPV4) sparklets with distinct spatial localization.
Local Ca2+ influx events through TRPV4 channels (TRPV4 sparklets) were recorded in en
face fourth-order PAs and third-order mesenteric arteries (MAs) loaded with fluo-4AM (10
µmol/L). Cyclopiazonic acid (CPA, 20 µmol/L) was used in order to eliminate interference
from Ca2+ release from the endoplasmic reticulum (ER). A. Top, the cartoon indicates a
fourth-order PA from left lung that was used in this study (left). A grayscale image of a
field of view with ~ 15 endothelial cells (ECs; right). The dotted line indicates the outline
of a single EC. Square boxes represent the regions of interest (ROIs) placed at the sparklet
sites detected within a recording duration of 1 minute. Arrows point to the holes in internal
elastic lamina (IEL) that represent myoendothelial projections (MEPs). Middle, fractional
fluorescence (F/F0) traces were obtained from the ROIs shown in the top panel. The traces
indicate sparklet activity under basal conditions (CPA), with the TRPV4 agonist
GSK1016790A (GSK101) alone and in the presence of TRPV4 inhibitor GSK2193784
(GSK219). Dotted lines represent the single-channel levels derived from all-points
histogram in B. Bottom, averaged TRPV4 sparklet activity under basal conditions (CPA),
in the presence of TRPV4 agonist GSK101, GSK101 in the absence or presence of two
different TRPV4 channel inhibitors (GSK219, 100 nmol/L and HC067047 or HC067, 1
µmol/L) or 0 mmol/L extracellular Ca2+, another TRPV4 channel agonist RN1747 in the
absence or presence of TRPV4 inhibitors GSK219 (100 nmol/L) and HC067 (1 µmol/L),
and GSK101 (10 nmol/L) and RN1747 (1 µmol/L) in the PAs from TRPV4 -/- mice. Data
are mean ± SEM; TRPV4 sparklet activity (NPO per site) was calculated using the quantal
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amplitude derived from Figure 1B; N represents the number of channels at a site and P O is
the open state probability of the channels (n=5 fields; P<0.0001 using one-way ANOVA
and post hoc Tukey test; * and # indicate statistical significance (P<0.05) versus 10 nmol/L
GSK101 and 1 µmol/L RN1747, respectively). B. All-points histogram was constructed
from F/F0 traces pooled from three PAs and was fit with a multi-Gaussian curve. The
quantal levels (single-channel amplitudes) were derived from the peaks of the multiGaussian curve. C. Experiments were performed in arteries loaded with fluo-4AM and
Alexa Fluor 633 hydrazide. Representative images show black holes in the IEL that
represent MEPs. Sparklet ROIs were superimposed with IEL staining. Arrows indicate
MEP sites in the IEL (white) and non-MEP sites (green) that overlapped with sparklet sites.
D. (Left) Averaged data for localization of sparklet sites at MEPs in PAs and MAs. Data
are mean ± SEM (n=10 fields; P<0.001 using two-way ANOVA and post hoc Tuckey test;
*P<0.05 versus MEP). (Right) Average number of IEL holes per field in PAs and MAs.
Data are mean ± SEM (n=10 fields; P<0.05 using two-sample t-test). E. AKAP150 staining
was performed in en face third-order MAs and fourth-order PAs as described in the
Methods section. (Left) Representative AKAP150 staining images from PAs and MAs,
where green color indicates the autofluorescence of the internal elastic lamina (IEL), black
holes in the IEL indicate MEPs, and red color indicates AKAP150-staining. (Middle) Plot
profiles of AKAP150 immunostaining for representative horizontal transects. Dotted lines
indicate the positions of MEPs located at the holes in IEL. Images were acquired along the
z-axis (0.05 µm optical slice). (Right) Averaged AKAP150 localization from MAs and
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PAs; AKAP150 immunostaining within 5 µm from the center of the holes in IEL was
considered to be localized at the IEL (n= 5 arteries; *P<0.0001 using independent t-test).
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FIGURE 3. SPECIFIC TRPV4 CHANNEL AGONISTS INCREASE THE NUMBER
OF SPARKLET SITES PER FIELD OF VIEW IN NATIVE ECS FROM FOURTHORDER PAS.
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Figure 3. Specific TRPV4 channel agonists increase the number of sparklet sites per
field of view in native ECs from fourth-order PAs. TRPV4 Ca2+ sparklets were recorded
in en face fourth-order PAs loaded with fluo-4AM (10 µmol/L). Cyclopiazonic acid (CPA,
20 µmol/L) was used in order to eliminate the interference from ER Ca 2+ release. A.
Averaged number of TRPV4 sparklet sites per field under basal conditions (CPA), in the
presence of TRPV4 agonist GSK101 (3-30 nmol/L), GSK101 (10 nmol/L) in the absence
or presence of two different TRPV4 channel inhibitors (GSK219, 100 nmol/L and
HC067047 or HC067, 1 µmol/L) or 0 mmol/L extracellular Ca 2+, another TRPV4 channel
agonist RN1747 (1 µmol/L) in the absence or presence of TRPV4 inhibitors GSK219 (100
nmol/L) and HC067 (1 µmol/L), and GSK101 (10 nmol/L) and RN1747 (1 µmol/L) in the
PAs from TRPV4-/- mice. Data are presented as mean ± SEM (n=5 PAs; P<0.0001 using
one-way ANOVA; *, #, ¶ indicate significance (P<0.05) versus CPA, 10 nmol/L GSK101,
and 1 µmol/L RN1747, respectively). B. Representative fractional fluorescence (F/F0)
traces of three distinct TRPV4 sparklet sites in a field of view in the absence (left) or
presence (right) of the TRPV4 agonist RN1747 (1 µmol/L). C. Representative fractional
fluorescence (F/F0) traces of three distinct GSK1016790A (GSK101, 10 nmol/L)-induced
TRPV4 sparklet sites in the presence (left) or absence (right) of extracellular Ca2+ (2
mmol/L).
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FIGURE 4. TRPV4 SPARKLETS INCREASE LOCAL, BUT NOT WHOLE-CELL
CA2+ LEVELS IN THE ECS.
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Figure 4. TRPV4 sparklets increase local, but not whole-cell Ca 2+ levels in the ECs.
Changes in fluorescence were recorded in en face fourth-order PAs loaded with fluo-4AM
(10 µmol/L) in the presence of GSK101 (10 nmol/L). Cyclopiazonic acid (CPA, 20
µmol/L) was used in order to eliminate the interference from Ca 2+ release from intracellular
stores. A. A greyscale image of a field of view with ~ 15 ECs; the dotted lines indicates
the outlines of ECs. Square boxes represent the regions of interest (ROIs) placed at the
sparklet sites. B. Representative fluorescence traces of TRPV4 sparklets using square ROIs
(left) and whole-cell fluorescence using whole-cell outlines as ROIs (right). C. Averaged
increase in fluorescence (arbitrary fluorescence units; AFU) for ROIs placed at sparklet
sites and whole cell ROIs following TRPV4 cannel activation with GSK101 (3 nmol/L;
left); average spatial spread of sparklets and area encompassed by whole cell outlines
(right). Data are presented as mean ± SEM (n=24 sparklet sites and 24 ECs; *P<0.0001
using independent t-test).
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FIGURE 5. TRPV4 SPARKLETS REPRESENT UNITARY CA2+ INFLUX EVENTS
THROUGH TRPV4 CHANNELS IN THE NATIVE ENDOTHELIUM FROM
SMALL PAS.
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Figure 5. TRPV4 sparklets represent unitary Ca2+ influx events through TRPV4
channels in the native endothelium from small PAs. Localized Ca2+ influx events
through TRPV4 channels (TRPV4 sparklets) were recorded in en face fourth-order PAs
from GCaMP2Cx40 mice. Cyclopiazonic acid (CPA, 20 µmol/L) was used to eliminate the
interference from Ca2+ release from the endoplasmic reticulum (ER). Experiments were
performed using 3 nmol/L GSK101 to increase the activity of TRPV4 sparklets in PAs
from GCaMP2 mice. All-points histograms were constructed from the F/F 0 traces and were
fit with a multiple Gaussian curve. The quantal levels (single-channel amplitudes) were
derived from the peaks of the multiple Gaussian curve. The data were pooled from three
PAs. Dotted lines represent the quantal levels (number of channels open) at a site. A. Allpoints histogram and representative traces in the presence of 2 mmol/L extracellular Ca 2+
(top) 10 mmol/L extracellular Ca2+ (middle) and 10 mmol/L extracellular Ca2+ and 100
mmol/L KCl (bottom). B. All-points histograms in the presence of a TRPV4 channel
agonist GSK101 (10 nmol/L, top), a different TRPV4 channel agonist RN1747 (1 µmol/L,
middle), and with the addition of a TRPV4 channel inhibitor HC067047 (1 µmol/L, bottom)
in the presence of GSK101. The data were pooled from 3 PAs for each histogram.
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TRPV4 sparklets cause vasodilation in small PAs via eNOS activation
Administration of TRPV4 channel agonist GSK101 lowered PAP in rats 162. At the
level of small PAs, however, the functional effect of endothelial TRPV4 channel activation
and the Ca2+-sensitive targets have not been identified. PAs are normally exposed to
intravascular pressures of 10-20 mmHg. We therefore cannulated and pressurized fourthorder PAs at 15 mmHg to assess the effect of TRPV4 channel activation on PA diameter.
PAs were preconstricted with U46619 (100 nmol/L), a thromboxane A2 receptor agonist
(32 ± 2 % constriction; n=30 PAs). NS309, a highly specific activator of endothelial IK
and SK channels163, induced dilations in PAs that were absent in endothelium-denuded
PAs, confirming the presence of functional IK and SK channels in PA endothelium (Figure
6A, 6B). PAs were then treated with GSK101 (3−30 nmol/L), which caused a
concentration-dependent vasodilation (Figures 6A, 6B). GSK101-induced dilation was
absent in endothelium-denuded PAs, PAs from TRPV4 -/- mice, and in the presence of
TRPV4 channel inhibitor GSK219 (Figures 6A, 6B), confirming that endothelial TRPV4
channel activation dilated small PAs.
We previously showed that endothelial TRPV4 channels induced vasodilation
predominantly via activation of IK/SK channels in small MAs constricted by intravascular
pressure22. Presence of U46619 in the superfusate did not alter the IK/SK channeldependent nature of TRPV4 channel-induced vasodilation in MAs (Figure 6C, 6D). We,
therefore, tested the effect of IK and SK channel inhibitors, Tram-34 (1 µmol/L) and
apamin (300 nmol/L), respectively, on TRPV4-vasodilation in small PAs. While NS309induced vasodilation was reduced by 70.0 ± 10.6% (n=5 PAs) in the presence of Tram-34
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and apamin, TRPV4 channel-induced vasodilation was not affected by IK/SK channel
inhibitors (Figures 6A, 6B), raising an interesting possibility that a distinct local Ca 2+
signaling network mediated TRPV4-induced vasodilation in small PAs. Although the
activation of eNOS by localized Ca2+ signals has not been described, global increase in
Ca2+ is known to activate eNOS164. We, therefore, tested the possibility that TRPV4
sparklets activated eNOS to cause vasodilation in small PAs. Inhibition of NOS with LNNA (L-NG-Nitroarginine; 100 µmol/L) constricted PAs by approximately 13 ± 1 % (n=12
PAs), indicating a tonic influence of NO on basal diameter of PAs. In the presence of LNNA, GSK101-induced vasodilation was abolished (Figures 6A, 6B). However, L-NNA
is a non-selective inhibitor of eNOS, inducible NOS (iNOS) and neuronal NOS (nNOS).
To determine the relative contribution from each NOS isoform to TRPV4-vasodilation, we
used a selective iNOS inhibitor 1400W165 (1 µmol/L) or a selective nNOS inhibitor NωPropyl-L-arginine hydrochloride166 (NPLA, 300 nmol/L). In the presence of either of these
inhibitors, the TRPV4-vasodilation was not altered (Figures 6A, 6B), pointing to a TRPV4eNOS signaling network in PAs. The role of eNOS in TRPV4-induced vasodilation was
verified by studying TRPV4 dilations in eNOS-/- mice in the presence of 1400W (iNOS
inhibitor)165 to account for a possible compensation by iNOS167. In the PAs from eNOS-/mice, TRPV4 dilations were absent (Figures 6A, 6B), confirming that TRPV4-vasodilation
in PAs was being mediated by eNOS activation.
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FIGURE 6. TRPV4 CHANNEL ACTIVATION DILATES CANNULATED,
PRESSURIZED SMALL PAS THROUGH ENDOTHELIAL NITRIC OXIDE
SYNTHASE (eNOS) ACTIVATION, AND SMALL MAS THROUGH IK/SK
CHANNEL ACTIVATION.
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Figure 6. TRPV4 channel activation dilates cannulated, pressurized small PAs
through endothelial nitric oxide synthase (eNOS) activation, and small MAs through
IK/SK channel activation. Fourth-order PAs from left lung were cannulated and
pressurized to 15 mmHg and third-order MAs were pressurized to 80 mmHg to record the
changes in internal diameter. Both PAs and MAs were pre-constricted with thromboxane
analog U46619 (100 nmol/L). Dilation to NS309 (1 µmol/L), an activator of endothelial
IK and SK channels, was used as a criterion to confirm functional viability of the
endothelium. A. Representative traces for GSK101-induced vasodilation under control
conditions, in the endothelium-denuded PAs, in the PAs from TRPV4 -/- mice, in the
presence of IK and SK channel inhibitors (Tram-34 and Apamin, respectively), NOS
inhibitor L-NNA, and in PAs from eNOS-/- mice. Experiments in eNOS-/- mice were
performed in the presence of iNOS inhibitor 1400W to account for a possible compensation
by iNOS167. B. (left to right) Averaged diameter responses to NS309 in control (n=37
arteries) and endothelium-denuded (n=5 arteries) PAs, GSK101 in control PAs (n=8
arteries), in endothelium-denuded PAs (n=5 arteries), in PAs from TRPV4-/- mice (n=9
arteries), in the presence of GSK219 (n=4 arteries), Tram-34 + apamin (n=9 arteries), LNNA (n=11 arteries), 1400W (n=5 arteries), NPLA (nNOS inhibitor, n=8 arteries), and in
PAs from eNOS-/- mice (n=5 arteries,. Data are mean ± SEM; P<0.0001 using two-way
ANOVA and post hoc Tukey test; *P<0.05 versus corresponding concentration under
control conditions. C. Representative diameter traces for the effect of GSK101 on MA
diameter in the absence (left) or presence (right) of the IK and SK channel inhibitors Tram34 and apamin, respectively. D. Averaged diameter data for GSK101-induced dilations in
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the absence or presence of Tram-34 and apamin (n= 4 arteries; * P<0.05 using two-way
ANOVA and post hoc Tukey test).
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TRPV4 sparklets regulate NO release from the endothelium in PAs but not in MAs
The eNOS-dependent nature of TRPV4 sparklet-induced vasodilation suggested a
local TRPV4-eNOS coupling in small PAs. Because NO generated in ECs can passively
diffuse to the SMCs, we postulated that NO levels are increased in both EC and SMC layers
following TRPV4 channel activation. NO levels in ECs and SMCs were assessed by
recording

4-Amino-5-Methylamino-2',7'-Difluorofluorescein

Diacetate

(DAF-FM)

fluorescence. Spermine NONOate (NONOate, 3-30 µmol/L), a NO donor, caused a
concentration dependent increase in DAF-FM fluorescence in both EC and SMC layers
(Figure 7A and B), demonstrating that an increase in NO level could be detected with DAFFM. Both ECs and SMCs showed a low level of basal DAF-FM fluorescence (Figures 8A,
8B). Activation of TRPV4 channels with GSK101 (30 nmol/L) increased DAF-FM
fluorescence in EC and SMC layers in small PAs (Figures 8A, 8B). Consistent with the
NOS-independent nature of TRPV4-vasodilation in small mesenteric arteries 22 (Figures
4C, 4D), TRPV4 channel activation failed to increase NO levels in ECs and SMCs from
MAs (Figure 8C). In PAs, GSK101 produced a 1.8-fold increase in DAF-FM fluorescence
in ECs and a 2-fold increase in SMCs (Figure 8C). Pretreatment with L-NNA inhibited the
GSK101-induced increases in DAF-FM fluorescence in both ECs and SMCs (Figures 8A,
8B, and 8C). Moreover, in PAs from eNOS -/- mice, GSK101 was unable to increase DAFFM fluorescence in ECs or SMCs (Figure 8B). These results support the concept that local
TRPV4-eNOS signaling regulates NO levels and endothelium-dependent vasodilation in
small PAs.
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To test the possibility that TRPV4 sparklets regulate NO release under basal
conditions (without TRPV4 agonist) in small PAs, we studied the effect of GSK219 on NO
levels. The basal DAF-FM fluorescence in both ECs and SMCs was reduced by around
30% (Figure 8D, left) in the presence of GSK219 supporting TRPV4 regulation of basal
eNOS activity in PAs. TRPV4 channels are Ca 2+-selective channels, but they can also
conduct other ions including Na+ and K+161. To determine whether Ca2+ influx through
TRPV4 channels is solely responsible for the regulation of eNOS activity by TRPV4
channels, we studied the effect of TRPV4 activation on NO levels in the presence of 0
mmol/L extracellular Ca2+. TRPV4 agonist GSK101 was unable to increase NO levels
under these conditions (Figure 8D, right), confirming that Ca2+ influx through TRPV4
channels activated eNOS in small PAs.
To determine whether TRPV4 sparklets potentiate Ca2+ release from the ER in PAs,
Ca2+ signals were recorded in PAs from mice that express the Ca2+ biosensor GCaMP2
selectively in ECs129,130. The effect of GSK101 on the activity of Ca2+ release events and
TRPV4 Ca2+ sparklets was studied by utilizing the differences in kinetics between Ca 2+
release signals from the ER (Ca2+ pulsars22,138, spikes with duration < 300 ms, Figure 9A,
B)22 and TRPV4 Ca2+ sparklets (discrete, square amplitudes, duration > 300 ms, Figure
9A, B). Ca2+ release signals were unaffected by 0 mM extracellular Ca2+ and TRPV4
inhibitor, but were inhibited by CPA (Figure 9C). TRPV4 sparklet activity was unaffected
by CPA, but was inhibited by 0 mM extracellular Ca2+ and TRPV4 inhibitor. GSK101
stimulated Ca2+ sparklet activity, but had no effect on the frequency of Ca 2+ release events
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(Figure 9B, C), suggesting that Ca2+ release from the ER did not contribute to eNOS
activation by TRPV4 sparklets.
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FIGURE 7. SPERMINE NONOATE, A NO DONOR, INCREASES DAF-FM
FLUORESCENCE IN ECS AND SMCS FROM SMALL PAS AND CAUSES
VASODILATION IN A CONCENTRATION-DEPENDENT MANNER.
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Figure 7. Spermine NONOate, a NO donor, increases DAF-FM fluorescence in ECs
and SMCs from small PAs and causes vasodilation in a concentration-dependent
manner. Nitric oxide (NO) fluorescence was recorded in en face fourth-order PAs using
DAF-FM (fluorescent NO indicator; 5 µmol/L). The diameter studies were carried out in
cannulated fourth-order PAs pressurized to 15 mmHg. A. Averaged DAF-FM fluorescence
(arbitrary fluorescence units) in ECs and SMCs from PAs treated with L-NNA (100
µmol/L) alone and a combination of L-NNA and NONOate (3−30 µmol/L). Data are mean
± SEM; individual data points represent averaged fluorescence of all the ECs or SMCs in
a field of view (n=8, 6, 8, 6, 6, 6, 7, 6 fields from left to right; P<0.0001 using one-way
ANOVA; *P<0.05 versus L-NNA). B. Averaged NONOate-dependent change in DAF-FM
fluorescence in ECs and SMCs from PAs relative to the fluorescence in the presence of LNNA (baseline). Data are mean ± SEM (n=6, 8, 6, 6, 8, 6 fields from left to right; P<0.0001
using one-way ANOVA; *P<0.05 versus 3 µmol/L NONOate). The dotted blue line
indicates GSK101-induced increase in DAF fluorescence in ECs, whereas dotted red line
indicates GSK101-induced increase in DAF fluorescence in SMCs. C. Averaged percent
dilations of PAs to NONOate (1-30 µmol/L; n=7, 9, 9, 9, 9, 6 PAs from left to right;
P=0.0077 using one-way ANOVA).
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FIGURE 8. TRPV4-eNOS CA2+ SIGNALING MECHANISM REGULATES
NITRIC OXIDE LEVELS IN SMALL PAS.
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Figure 8. TRPV4-eNOS Ca2+ signaling mechanism regulates nitric oxide levels in
small PAs. Nitric oxide (NO) levels were recorded in en face fourth-order PAs and thirdorder MAs loaded with DAF-FM (fluorescent NO indicator; 5 µmol/L). Images were
acquired along the z-axis using a spinning disk confocal microscope. A. Representative
images for DAF-FM fluorescence in ECs (top) and SMCs (bottom) of small PAs under
basal conditions (left), and in the presence of GSK101 (middle) alone or with L-NNA (200
µmol/L, right). B. Averaged raw fluorescence in ECs and SMCs from PAs of control (left)
and eNOS-/- mice (right); data are mean ± SEM; individual data points represent averaged
fluorescence of all ECs or SMCs in a field of view (n=6 fields; P<0.0001 using one-way
ANOVA and post hoc Dunnett test; *P<0.05 versus the baseline). C. Averaged DAF-FM
fluorescence in ECs and SMCs from PAs and MAs relative to the baseline fluorescence
(n=6 fields; *P<0.0001 versus GSK101 for PAs using one-way ANOVA and post hoc
Tukey test). D. Left, the effect of TRPV4 channel inhibition (GSK219) on baseline DAFFM fluorescence in both ECs and SMCs from small PAs (n=6 fields; *P<0.0001 versus
baseline with independent t-test); right, the increase in DAF-FM fluorescence induced by
GSK101 was abolished in the presence of 0 mmol/L extracellular Ca 2+ (n=6 fields,
P=0.9793 for ECs and 0.8087 for SMCs using independent t-test).
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FIGURE 9. CA2+ INFLUX VIA ENDOTHELIAL TRPV4 CHANNELS DOES NOT
INCREASE CA2+ RELEASE FROM THE ENDOPLASMIC RETICULUM (ER) IN
PAS.
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Figure 9. Ca2+ influx via endothelial TRPV4 channels does not increase Ca2+ release
from the endoplasmic reticulum (ER) in PAs. Ca2+ events were simultaneously recorded
in en face fourth-order PAs from GCaMP2Cx40 mice. A. Representative fractional
fluorescence (F/F0) traces illustrating the differences in kinetics of Ca2+ release from the
ER (spike shape; less than 300 ms duration, left) and unitary Ca 2+ influx through TRPV4
channels (Ca2+ sparklets; square event; greater than 300 ms duration, right). B.
Representative F/F0 traces of Ca2+ pulsars (top) and Ca2+ sparklets (bottom) under baseline
condition and in the presence of GSK101 (10 nM). C. Averaged number of Ca2+ pulsars
per field in the absence (Control) and presence of GSK101 (10 nM), CPA (20 μM), TRPV4
inhibitor GSK219 (100 nM), and 0 mM extracellular Ca2+ (left; n=5 fields; *P<0.05 versus
control one-way ANOVA). Averaged NPO per field for TRPV4 sparklets (right; n=5 fields;
*P<0.05 versus control one-way ANOVA) in the absence (Control) and presence of
GSK101 (10 nM), CPA (20 µM), TRPV4 inhibitor GSK219 (100 nM), and 0 mM
extracellular Ca2+. Data are mean ± SEM; the TRPV4 sparklet activity is expressed as NP O
where N represents the number of channels and P O is the open state probability of the
channels).
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NO-dependent negative feedback loop limits Ca2+ influx through TRPV4 channels in PAs.
Studies in expression systems reveal an increase in the activity of TRPV4 channels
by S-nitrosylation151 and a decrease by GC-PKG signaling152, and NO can activate both
these mechanisms. We hypothesized that NO released by TRPV4-eNOS signaling serves
as an immediate feedback regulator of TRPV4 channel activity in small PAs. To determine
the effect of NO on baseline TRPV4 sparklet activity, PAs were treated with L-NNA (100
µmol/L) in the absence of GSK101. L-NNA produced a 3-fold increase in TRPV4 sparklet
activity (Figure 10A), revealing TRPV4 channel inhibition by NO. TRPV4 inhibitor
GSK219 completely blocked the L-NNA-induced increase in sparklet activity confirming
the specific inhibition of TRPV4 sparklets by NO (Figure 10A). Consistent with the NOSindependent nature of vasodilation in small MAs, L-NNA did not increase baseline sparklet
activity in small MAs (Figure 10A, right). For a more detailed analysis of the effect of NO
on TRPV4 sparklets in PAs, we increased the open state probability of TRPV4 channels
by using a small concentration of GSK101 (6 nmol/L). L-NNA also increased sparklet
activity in the presence of GSK101 (Figure 10B). To further assess the inhibitory effect of
NO on TRPV4 channel function, we examined the effect of NONOate on TRPV4 sparklet
activity. At 10 and 30 µmol/L, NONOate increased DAF-FM fluorescence in ECs and
SMCs to levels similar to GSK101 (30 nM; Figure 7B). Moreover, PA dilation caused by
30 nmol/L GSK101 was similar to that caused by 10 and 30 µmol/L NONOate (Figure
7C). We therefore used both 10 and 30 µmol/L NONOate for determining the effect of NO
on TRPV4 sparklet activity. In the presence of L-NNA, the activity of TRPV4 sparklets
was inhibited by approximately 2-fold with 10 µmol/L NONOate and by 3-fold with 30
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µmol/L NONOate (Figure 10B, right) confirming that NO limits Ca2+ influx through
TRPV4 channels in the endothelium from PAs.
We recently demonstrated that Ca2+ -dependent cooperative openings of TRPV4
channels amplify Ca2+ influx through the channels by 2-3 fold in MAs22,23. The F/F0 traces
for TRPV4 sparklets in PAs in the presence of L-NNA displayed simultaneous openings
of multiple channels at a site under control conditions, but a lesser number of channels
opened simultaneously in the presence of NONOate (Figure 10B), implying that NO may
interfere with cooperative openings of TRPV4 channels at a site. Using a coupled Markov
chain model in Matlab, we determined coupling coefficients (κ) as an indicator of coupling
strength among TRPV4 channels, as we have done previously 23. The κ values range
between 0, which indicates no coupling, and 1, which indicates maximum coupling.
Addition of L-NNA increased the coupling strength among TRPV4 channels at a site, and
NONOate reduced the coupling strength (Figure 10C). Using an arbitrary cutoff of κ=0.1,
around 50% of the sparklet sites showed coupled openings under control conditions, a
number that was increased to 95% in the presence of L-NNA and reduced to 35% by
NONOate. These results confirmed that NO disrupted the functional coupling among
TRPV4 channels at a site, thereby reducing Ca 2+ influx in ECs.
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FIGURE 10. NITRIC OXIDE DISRUPTS COOPERATIVE OPENINGS OF TRPV4
CHANNELS AND LOWERS CHANNEL ACTIVITY IN SMALL PAS.
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Figure 10. Nitric oxide disrupts cooperative openings of TRPV4 channels and lowers
channel activity in small PAs. TRPV4 sparklets were recorded in en face fourth-order
PAs or third-order MAs loaded with fluo-4AM (10 µmol/L). Cyclopiazonic acid (CPA, 20
µmol/L) was used in order to eliminate the interference from Ca 2+ release from intracellular
stores. L-NNA (100 µmol/L) was used as an inhibitor of NOS and spermine NONOate
(NONOate, 10-30 µmol/L) was used as a NO donor. A. Representative F/F0 traces of three
distinct sparklet sites in a field of view under basal conditions (CPA) and in the presence
of L-NNA (left) in small PAs. Averaged TRPV4 sparklet activity expressed as NP O per
field, which is a summation of NPO per site for all the sparklet sites in a field of view. N is
the number of channels at a site and PO is the probability of finding the channel in an open
state (n=6 fields; P<0.05 using two-way ANOVA post hoc Tukey test; *P<0.05 versus
CPA) (right). B. Representative F/F0 traces from three distinct sparklet sites in a field of
view in the presence of GSK101, after the addition of L-NNA, and NONOate in the
presence of L-NNA (left). Averaged TRPV4 sparklet activity (NPO) per site; each data
point represents the averaged sparklet activity per site for a field (n=7 fields; P<0.0001
using one-way ANOVA and post hoc Tukey test; *P<0.05 versus GSK101; #P<0.05 versus
L-NNA) (right). C. To estimate the coupling strength of TRPV4 channels at a sparklet site,
we determined coupling coefficients, or κ values, using coupled Markov Chain model in
Matlab. Representative F/F0 traces with corresponding κ values for four distinct sparklet
sites under control conditions (GSK101), in the presence of L-NNA and in the presence of
L-NNA and 30 µmol/L NONOate (left). Dotted lines represent the quantal levels derived
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from all-points histograms. Averaged κ values, data are mean ± SEM (n=47 sites; P<0.0001
using one-way ANOVA and post hoc Tukey test; *P<0.05 versus GSK101) (right).
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NO limits Ca2+-dependent cooperativity of TRPV4 channels via GC-PKG signaling
The commonly used inhibitors of S-nitrosylation (N-acetyl cysteine, dithiothreitol,
and ultraviolet light168) did not affect the NO-inhibition of TRPV4 channels (Figure 11A),
suggesting that S-nitrosylation does not play a major role in the NO-inhibition of TRPV4
channels in small PAs. GC-PKG signaling has been shown to inhibit TRPV4 channels in
expression systems152. We therefore tested the hypothesis that NO activates endothelial
GC-PKG signaling to limit Ca2+ influx through TRPV4 channels. Both ECs and SMCs
from PAs showed a strong expression of PKG (Figure 11B). Similar to L-NNA, GC
inhibitor ODQ (3 µmol/L)169 and PKG inhibitor Rp-8-Br-PET-CGMPS (PET; 30
µmol/L)170 increased the baseline sparklet activity by ~ 2-fold (Figure 11C), confirming
that GC-PKG signaling constitutively inhibits TRPV4 channels in PA endothelium. In the
presence of GC or PKG inhibitor, L-NNA was unable to further increase the activity of
TRPV4 sparklets (Figure 11C, left). Moreover, NONOate did not attenuate TRPV4
sparklet activity in the presence of GC or PKG inhibitor (Figure 11C, right). GC or PKG
inhibitor also enhanced the coupling strength among TRPV4 channels (Figure 11D) by ~
2-fold. In the presence of GC or PKG inhibitors, neither L-NNA nor NONOate (10 and 30
µmol/L) was able to alter the coupling strength among TRPV4 channels at a site (Figure
11D). These results supported the novel concept that in small PAs, NO limits TRPV4
channel activity through GC-PKG signaling in the native endothelium.
Ca2+-dependent cooperativity of TRPV4 channels is a key endogenous regulatory
mechanism for TRPV4 channel activity22,23,153,154. Using EGTA to chelate local Ca2+, we
previously demonstrated that coupled openings of channels in a cluster were dependent on
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local increases in Ca2+

23

. To determine whether NO-GC-PKG signaling disrupts the

functional coupling between the channels by interfering with Ca 2+-dependent
cooperativity, we studied the effect of NONOate on sparklet activity in the presence of
EGTA-AM, a cell permeable form of EGTA. EGTA lowered the sparklet activity and
coupling strength among TRPV4 channels in PAs in the presence of L-NNA (Figures 12A,
12B). Moreover, NONOate was unable to further reduce the activity of sparklets and
coupling strength among TRPV4 channels in the presence of EGTA (Figures 12A, 12B).
Whereas 43% of the total sparklet sites showed cooperative openings (κ > 0.1) in the
presence of EGTA alone, 41% of the sparklet sites showed cooperative openings after the
addition of NONOate in the presence of EGTA, suggesting that NO did not further reduce
the cooperativity of TRPV4 sparklets in the presence of EGTA. GSK219, however, was
able to cause a further decrease in sparklet activity in the presence of EGTA (n=4 PAs).
These results suggest that NO interferes with Ca2+-dependent activation of TRPV4
channels, thereby limiting cooperative channel openings.
Based on the NO-GC-PKG negative feedback mechanism for regulating TRPV4
channel activity, we postulated that removing this inhibition would augment TRPV4vasodilation in PAs. In the presence of GC inhibitor ODQ, the dilation to GSK101 was
markedly increased at each concentration (3-30 nmol/L) when compared to vasodilation in
the absence of ODQ (Figures 12C, 12D), further supporting the role of NO-GC-PKG
negative feedback mechanism as a “limiter” of Ca2+ influx through TRPV4 channels and
TRPV4-vasodilation in PAs.
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FIGURE 11. ENDOTHELIAL NO-GUANYLYL CYCLASE (GC)-PROTEIN
KINASE G (PKG) SIGNALING DISRUPTS COOPERATIVE OPENINGS OF
TRPV4 CHANNELS IN SMALL PAS.
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Figure 11. Endothelial NO-guanylyl cyclase (GC)-protein kinase G (PKG) signaling
disrupts cooperative openings of TRPV4 channels in small PAs. NONOate (30
µmol/L)-induced suppression of TRPV4 sparklet activity was assessed after
pharmacological inhibition of S-nitrosylation with dithiothreitol (DTT, 1 mmol/L) or Nacetyl cysteine (NAC, 5 mmol/L). In addition, ultraviolet (UV) light was applied to
physically disrupt serine (S)-NO covalent bonds formed by NO on EC TRPV4 channels.
PKG expression and Ca2+ signals were recorded in en face fourth-order PAs. TRPV4
sparklets were recorded in small PAs loaded with fluo-4AM (10 µmol/L). The experiments
were performed in the presence of CPA (20 µmol/L) to eliminate the interference from
Ca2+ release from intracellular stores. L-NNA (100 µmol/L) was used as an inhibitor of
NOS and spermine NONOate (NONOate, 10-30 µmol/L) was used as a NO donor. To
estimate the coupling strength among TRPV4 channels at a sparklet site, we determined
coupling coefficients, or κ values, using a coupled Markov Chain model in Matlab.
Cyclopiazonic acid (CPA, 20 µmol/L) was used throughout the experiments to eliminate
intracellular Ca2+ signaling and exclusively assess Ca2+ influx through TRPV4 channels.
A. Averaged TRPV4 sparklet activity (NPO per site) and the effect of NONOate (30
µmol/L) in the presence of DTT (left; n=3 fields; *P=0.0083 using paired t-test), NAC
(middle; n=3 fields; *P=0.0190 using paired t-test), and after UV exposure (right; n=3
fields; P=0.8576 using paired t-test). Data are mean ± SEM. B. Representative images for
PKG immunostaining (left), nuclear staining with DAPI (middle) and a merged image
(right) in the ECs (top) and SMCs (bottom) from a small PA. The experiments were
repeated in four small PAs. C. Averaged data indicating the effect of the PKG inhibitor
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(Rp-8-Br-PET-cGMPS, PET, 30 µmol/L) and the GC inhibitor (ODQ, 3 µmol/L) on
TRPV4 sparklet activity, and on L-NNA (100 µmol/L) activation of TRPV4 sparklets (n=6
fields; P<0.001 using one-way ANOVA and post hoc Dunnett test; *P<0.05 versus control)
(left). Averaged TRPV4 sparklet activity indicating the effect of NONOate in the presence
of PKG (PET) and GC (ODQ) inhibitors (n=10 fields; P=0.4708 versus PET or ODQ using
one-way ANOVA and post hoc Dunnett test) (right). PET or ODQ were added in the
presence of L-NNA (right panel), and did not cause a further increase in sparklet activity
in the presence of L-NNA. D. Averaged κ values under control conditions (GSK101, 6
nmol/L) and with PET or ODQ before or after the addition of L-NNA (100 µmol/L). Data
are mean ± SEM (n=47 sites; P<0.0001 using one-way ANOVA and post hoc Dunnett test;
*P<0.05 versus control) (left). Averaged κ values in the presence of PET or ODQ before
or after the addition of NONOate. Data are mean ± SEM (n=47 sites; P=0.2315 versus PET
or ODQ using one-way ANOVA and post hoc Dunnett test) (right).
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FIGURE 12. NO-GC-PKG SIGNALING IMPAIRS CA2+-DEPENDENT
COOPERATIVE OPENINGS OF TRPV4 CHANNELS IN SMALL PAS.
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Figure 12. NO-GC-PKG signaling impairs Ca2+-dependent cooperative openings of
TRPV4 channels in small PAs. TRPV4 sparklets were recorded in PAs loaded with fluo4AM (10 µmol/L). The experiments were performed in the presence of CPA (20 µmol/L)
to eliminate the interference from Ca2+ release from intracellular stores. L-NNA (100
µmol/L) was used as an inhibitor of NOS and spermine NONOate (NONOate, 10-30
µmol/L) was used as a NO donor. Coupling coefficients, or κ values, for coupling among
TRPV4 channels were determined using a coupled Markov Chain model in Matlab.
Changes in internal diameter were recorded in cannulated fourth-order PAs pressurized to
15 mmHg. A. Experiments were performed in the presence of GSK101 (6 nmol/L) and LNNA (100 µmol/L). Representative F/F0 traces indicate the effect of membrane permeable
Ca2+ chelator EGTA-AM and NONOate in the presence of EGTA-AM on TRPV4 sparklet
activity. B. Averaged TRPV4 sparklet activity per site indicating a decrease in sparklet
activity with EGTA-AM and lack of effect of NONOate on TRPV4 sparklet activity in the
presence of EGTA-AM (n=24 sites; P<0.0001 using one-way ANOVA and post hoc
Dunnett test; *P<0.05 versus GSK101 control) (left). Averaged κ values, data are mean ±
SEM (n= 24 sites; P<0.0001 using one-way ANOVA; *P<0.05 versus GSK101 control)
(right). C. A representative diameter trace for GSK101-induced vasodilations in small PAs
pretreated with GC inhibitor ODQ (3 µmol/L). D. Averaged percent dilation to GSK101
(3-30 nmol/L) in PAs treated with ODQ (3 µmol/L) compared to control PAs. Data are
mean ± SEM (n=8 and 4 arteries for control and ODQ, respectively; P<0.0001 using oneway ANOVA and post hoc Tukey test; *P< 0.05 versus control).

93
ATP is an endogenous activator of TRPV4 sparklets in endothelium from small PAs.
In small mesenteric and cremaster arteries, physiological muscarinic receptor
agonist acetylcholine caused vasodilation predominantly through activation of endothelial
TRPV4 sparklets1,22,23. In small PAs, however, neither muscarinic receptor agonist
(carbachol or CCh) nor bradykinin receptor agonist (bradykinin) was able to activate
TRPV4 sparklets (Figure 13). CCh dilated large PAs (> 400 µm), but was unable to evoke
dilation in small PAs (Figure 14A), underscoring functional differences in the endothelium
from large and small PAs. We, therefore, postulated that TRPV4 channels in ECs from
small PAs couple to novel physiological activators. Previous studies in large PAs revealed
that endogenous purinergic receptor activator ATP increases endothelial Ca 2+ and causes
endothelium-dependent vasorelaxation155-157,171,172. We, therefore, hypothesized that ATP
dilates small PAs via activation of TRPV4 sparklets. ATP (10 µmol/L) induced a 8-fold
increase in TRPV4 sparklet activity in PAs, an effect that was inhibited by a general P2
purinergic receptor inhibitor suramin and TRPV4 inhibitor GSK219, and was absent in
PAs from TRPV4-/- mice (Figure 14B), suggesting P2 purinergic receptor-dependent
activation of TRPV4 channels by ATP. In cannulated, pressurized small PAs, ATP (1-10
µmol/L) induced a concentration dependent dilation, which was inhibited by GSK219 and
L-NNA, and was absent in endothelium-denuded PAs and PAs from TRPV4 -/- mice
(Figures 14C). It is possible that catabolism of ATP to adenosine diphosphate (ADP) and/or
adenosine may activate TRPV4 channels through P2Y1173 and adenosine receptors,
respectively. ADP itself did not induce dilation in PAs (Figure 14D). Adenosine dilated
PAs, but this effect was not inhibited by TRPV4 inhibitor, thus ruling out a role for
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adenosine in ATP-induced vasodilation of PAs (Figure 14E). Taken together, these results
reveal that ATP is a novel endogenous activator of local TRPV4-eNOS signaling in small
PAs.
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FIGURE 13. CLASSICAL ACTIVATORS OF ENDOTHELIAL Gq
PROTEIN-COUPLED RECEPTORS, CARBACHOL (CCH) AND
BRADYKININ, DO NOT INCREASE EC TRPV4 CA 2+ SPARKLET
ACTIVITY IN SMALL PAS.
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Figure 13. Classical activators of endothelial Gq protein-coupled receptors, carbachol
(CCh) and bradykinin, do not increase EC TRPV4 Ca 2+ sparklet activity in small
PAs. EC TRPV4 sparklet activity was examined in en face fourth-order PAs loaded with
fluo-4AM (10 µmol/L) in the absence or presence of muscarinic (CCh) and bradykinin
receptor (bradykinin) activators. Cyclopiazonic acid (CPA, 20 µmol/L) was used
throughout the Ca2+ imaging experiments in order to eliminate the interference from Ca 2+
release from internal stores. A. Representative fractional fluorescence (F/F0) traces of
TRPV4 sparklets under baseline conditions (CPA, left), in the presence of the muscarinic
receptor agonist (CCh, 10 µM, middle) and with the addition of TRPV4 inhibitor GSK219
(100 nmol/L, right). B. Averaged TRPV4 sparklet activity (NP O per site); data are mean ±
SEM (n=4 fields; P=0.0105 using one-way ANOVA; *P<0.05 versus baseline). C. Three
representative F/F0 traces of TRPV4 sparklets under baseline conditions (CPA, left) or in
the presence of bradykinin (10 µmol/L; middle), and with the addition of GSK219 (100
nmol/L; right). D. Averaged TRPV4 sparklet activity (NPO per site). Data are mean ± SEM
(n=5, 8, 5 fields from left to right; P=0.1517 using one-way ANOVA).
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FIGURE 14. ATP IS AN ENDOGENOUS ACTIVATOR OF LOCAL TRPV4-eNOS
SIGNALING IN SMALL PAS.
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Figure 14. ATP is an endogenous activator of local TRPV4-eNOS signaling in small
PAs. Changes in internal diameter were recorded in cannulated large PAs and small fourthorder PAs pressurized to 15 mmHg. TRPV4 sparklets were recorded in en face fourthorder PAs loaded with fluo-4AM (10 µmol/L). CPA (20 µmol/L) was used in order to
eliminate the interference from Ca2+ release from intracellular stores. A. Representative
diameter traces for acetylcholine analog carbachol (CCh)–induced vasodilation in large
second-order PAs (~ 400 µm, top left) and small fourth-order PAs (100-200 µm, bottom
left). Averaged diameter responses to CCh; data are mean ± SEM; (n= 5 large PAs, 9 small
PAs; *P< 0.01 using independent t-test) (right). B. Representative F/F0 traces of TRPV4
sparklets under baseline conditions (CPA) and with the addition of ATP (10 µmol/L) (left).
Averaged TRPV4 sparklet activity (NPO) per field of view under basal condition (CPA),
in the presence of ATP, ATP in the presence of TRPV4 inhibitor GSK219 (100 nmol/L),
P2 purinergic receptor inhibitor suramin (500 µmol/L), or in the PAs from TRPV4 -/- mice
(n=10 fields; P<0.0004 using one-way ANOVA and post hoc Tukey test; *P<0.05 versus
baseline; #P<0.05 versus ATP) (right). C. Representative diameter traces for ATP-induced
dilation in fourth-order PAs before (top left) and after (top right) addition of TRPV4
inhibitor GSK219 (100 nmol/L). (Bottom) Averaged percent dilation to ATP (1-10 µmol/L,
n=7 arteries) in control PAs, in the presence of GSK219 (n=5 arteries), in EC-denuded PAs
(n=5 arteries), in the presence of L-NNA (100 µmol/L, n=6 arteries), and in the PAs from
TRPV4-/- mice (n=5 arteries); data are mean ± SEM; (P<0.0001 using two-way ANOVA
and post hoc Tukey test; *P< 0.05 versus control). D. Representative diameter trace (left)
and averaged data (right) for the effect of adenosine diphosphate (ADP) on PA diameter
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in the absence or presence of TRPV4 inhibitor GSK219 (100 nmol/L; grey; n=5 PAs;
P=0.8284 using one-way ANOVA and post hoc Tukey test). E. Representative diameter
trace (left) and averaged diameter data (right) for adenosine-induced dilations in the
absence or presence of GSK219 (100 nmol/L; grey; n=4 arteries; P=0.8337 using two-way
ANOVA and post hoc Tukey test).
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FIGURE 15. LOCAL TRPV4 CHANNEL-DEPENDENT CA 2+ SIGNALING
REGULATES
ENDOTHELIUM-DEPENDENT
VASODILATION
IN
RESISTANCE-SIZED PAS.
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Figure 15. Local TRPV4 channel-dependent Ca2+ signaling regulates endotheliumdependent vasodilation in resistance-sized PAs. The cartoon depicts TRPV4 channeldependent endothelial Ca2+ signaling mechanisms in small PAs and small mesenteric
arteries22,132,141. In small PAs, TRPV4 sparklets promote eNOS activity and NO release.
P2 purinergic receptor agonist ATP is an endogenous activator of the TRPV4-eNOS
signaling in PAs. Endothelium-derived NO then causes vasodilation through the activation
of SMC guanylyl cyclase (GC)-protein kinase G (PKG) signaling and a GC-PKGindependent mechanism. Blue arrows indicate this pathway. NO also induces activation of
endothelial GC-PKG signaling, which lowers Ca2+-dependent cooperative opening of
TRPV4 channels and limits TRPV4-mediated vasodilations. This pathway is indicated by
red arrows. In small mesenteric arteries, TRPV4 Ca2+ sparklets selectively activate
endothelial IK and SK channels, which hyperpolarize EC and SMC membranes. SMC
membrane hyperpolarization deactivates voltage-dependent Ca 2+ channels (VDCCs),
which results in vasodilation, as described earlier 22.
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3.4 Discussion
Despite the functional differences between systemic and pulmonary circulations,
the identity of local Ca2+ signals that regulate vascular function in small PAs remains
entirely unknown. Our discoveries of spatially distinct TRPV4 sparklets in small PAs and
local TRPV4-eNOS signaling network not only support a novel paradigm that eNOS can
be activated by spatially restricted Ca2+ signals, but also identifies TRPV4 channels as a
key regulator of basal and induced eNOS activity in pulmonary microcirculation.
Moreover, inhibition of TRPV4 channel cooperativity by NO through GC-PKG signaling
represents a novel endogenous mechanism for the regulation of TRPV4 channel function.
Although endothelial TRPV4 channels have been studied for several years, their
physiological roles remain unclear. Our findings of ATP as a novel endogenous activator
of TRPV4 channels may prove crucial for deciphering the physiological roles of TRPV4
channels. Because small PAs regulate vascular resistance, TRPV4 channel-induced
vasodilation of small PAs may be important for the regulation of PVR under normal and
disease conditions. Pulmonary vascular disorders, including PAH are associated with
reduced NO bioavailability and loss of endothelial function 174-176. It is plausible that an
impairment in the TRPV4-eNOS signaling results in endothelial dysfunction in these
disorders. Inhaled NO represents a major advancement in acute treatment of PAH, but
sustained improvements in the clinical outcomes have not been achieved in adult
patients177. Inhibition of endothelial TRPV4 channels by inhaled NO may contribute to the
negative outcome in PAH. Inhibition of TRPV4 channel activity by NO-GC-PKG
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signaling will also have implications in the diseases characterized by excessive activation
of TRPV4 channels, such as pulmonary edema and lung injury 178-180.
Previous studies of endothelial Ca2+ signals have demonstrated that localized Ca2+
signals predominantly activate IK and SK channels to cause vasodilation in small systemic
arteries including mesenteric, cremaster and cerebral arteries 22,132,138,139,181. In small PAs,
TRPV4 sparklets preferentially activated eNOS to cause vasodilation. Activation of eNOS
by TRPV4 channels was absent in PAs from eNOS-/- mice (Figure 8B), was inhibited by
TRPV4 channel inhibitor (Figure 8D, left), and required influx of extracellular Ca2+ (Figure
8, right). TRPV4 sparklets did not activate Ca2+ release from intracellular stores (Figure
9C). Additionally, all the Ca2+ influx signals in response to TRPV4 channel agonist were
inhibited by TRPV4 channel inhibitor and were absent in PAs from TRPV4 -/- mice (Figure
2A). These results, in combination with the local nature of TRPV4 sparklets, support a
direct activation of eNOS by TRPV4 sparklets.
Selective coupling of TRPV4 sparklets with eNOS for vasodilation in small PAs
supports

differential

Ca2+

signaling

networks

in

small

PAs

and

mesenteric/cremaster/cerebral arteries. Our data suggest that the presence of U46619 alone
(Figure 6C, 6D) does not alter the IK/SK channel-dependent nature of TRPV4-vasodilation
in MAs. The differences in signaling pathways may arise from drastic physiological
differences in intravascular pressures in pulmonary and systemic circulations. The
pressures used in this study mimicked the physiological intravascular pressures of the two
vascular beds. Localization of Ca2+ signals and IK/SK channels at myoendothelial
projections (MEPs) has been proposed as a mechanism for preferential activation of IK/SK
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channels by TRPV4 sparklets in small MAs and cremaster arterioles 132,138. The non-MEP
localization of sparklets in small PAs is consistent with IK/SK channel-independent nature
of TRPV4-vasodilation in small PAs, however, the molecular mechanism underlying
preferential TRPV4-eNOS coupling in PAs is not clear. In MAs, the MEP-localization of
TRPV4 sparklet activity is attributed to A-kinase anchoring protein 150 (AKAP150)mediated cooperative opening of TRPV4 channels at the MEPs 23. Surprisingly, AKAP150
staining was not observed at the MEPs in PAs (Figure 2E), and only a small fraction of
TRPV4 sparklets occurred at the MEPs (Figure 2D). Caveolin, a major structural protein
of caveolae, directly interacts with and inhibits eNOS activity182. Endothelial hemoglobinα (Hbα) and cytochrome b5 reductase 3 (CytB5R3) have also been shown to regulate the
effects of NO on vascular reactivity183. It is, therefore, conceivable that differential
expression of caveolin, Hbα and CytB5R3, along with the absence of AKAP150, is
responsible for selective activation of eNOS over IK/SK channels in small PAs.
Additionally, differences in the aforementioned mechanisms could be responsible for
species-, vessel size-, and vascular bed-specific coupling of TRPV4 sparklets with their
signaling targets.
Although TRPV4 channels have been proposed as a key Ca 2+ influx pathway in
vascular endothelium, their endogenous activators remain elusive. The discovery of ATP
as an endogenous activator of TRPV4-eNOS signaling may be a crucial step towards
deciphering the physiological and pathological roles of TRPV4 channels in the pulmonary
circulation. Purinergic signaling is an essential component to the pulmonary
vasculature30,184-187, and ATP activation of TRPV4 channels represents a mechanism that
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may link physiological stimuli to the regulation of pulmonary vascular function. ATP can
be released from sympathetic nerves during synaptic transmission, or can be released into
the circulation by ECs, SMCs, or erythrocytes158,159,188,189. Shear stress, which is a wellknown activator of endothelial TRPV4 channels190-192, also induces the release ATP189,
suggesting a possible involvement of P2 purinergic receptor-TRPV4 signaling in flowinduced vasodilation. Endothelial Gq-protein coupled receptor agonists CCh and
bradykinin activated TRPV4 channels through a phospholipase C-diacylglycerol-protein
kinase C (PKC) mechanism in MAs23. ATP may also activate endothelial TRPV4 channels
through Gq-coupled P2 purinergic receptors, a possibility that will be explored in future
studies.
While TRPV4 channels play a physiologically important role at a low level of
activation, excessive TRPV4 channel activity can cause Ca 2+ overload and EC death22. In
this context, a dual role for NO–as a mediator of TRPV4-vasodilation and as a limiter of
TRPV4 channel activity–provides a more precise control over channel activation and
vasodilation. Prior studies in the expression systems reveal two possibilities for the
modulation of TRPV4 channel function by NO: an increase in channel activity by Snitrosylation151, and a decrease in channel activity by GC-PKG signaling 152. Although Snitrosylation and activation of TRPV4 channels by NO cannot be ruled out, our results
suggest that NO-induced TRPV4 channel inhibition via GC-PKG pathway predominates
in intact PAs. Unlike PKG, protein kinase A (PKA) and PKC activation potentiates TRPV4
channel function via channel phosphorylation 39. These findings point to an interesting
possibility that PKG phosphorylates the channel at a site that is different from PKC or PKA
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phosphorylation, and results in channel inhibition. Previous studies by Yin et al. 150 using
Fura-2 indicated that NO-cGMP signaling lowers TRPV4-induced increases in global Ca 2+
levels in lung venular capillary endothelium. Whether this effect of NO is due to a direct
effect on single channel function of TRPV4 channels remains unknown. Moreover, a
functional effect of NO on TRPV4 channel-induced vasodilation of small PAs is not
known. The effect of NO-GC-PKG signaling on Ca 2+-dependent cooperative openings of
TRPV4 channels represents a novel mechanism to control the diameter of small PAs in
response to TRPV4 channel activation. How PKG phosphorylation of TRPV4 channel
inhibits the coupling among TRPV4 channels is not known but one possible mechanism
could be inhibition of Ca2+-potentiation of the channel, thereby limiting the effect of Ca 2+
on channel cooperativity. In support of this claim, our results demonstrate that in the
presence of Ca2+ chelator EGTA, which limits TRPV4 channel cooperativity 23, NO had no
effect on channel activity (Figure 12).
Our results also point to distinct functional roles of GC-cGMP-PKG signaling
pathways from ECs and SMCs (Figure 15). Activation of the canonical GC-PKG pathway
in SMCs leads to vasodilation193. Indeed, SMC GC has been targeted to dilate PAs and
reduce pulmonary vascular resistance in PAH194. Interestingly, the finding that endothelial
GC-PKG pathway has an inhibitory effect on vasodilation suggests that EC and SMC
pathways work in opposite directions, and excessive activation of endothelial GC-PKG
signaling could lead to increased vasoconstriction and vascular resistance under
pathological conditions. Moreover, the finding that GC inhibitor did not inhibit the
vasodilation caused by EC-derived NO (Figures 12C, 12D) suggests that in small PAs there
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is a vasodilatory component that is activated by NO and that acts independently of the SMC
GC-PKG signaling.
In conclusion, our results represent the first direct evidence that localized Ca 2+
signals regulate NO release in small PAs. Reduced NO bioavailability is a major
contributor to endothelial dysfunction in many pulmonary vascular disorders including
PAH. The perturbations of TRPV4-eNOS pathway may provide a mechanistic explanation
for reduced NO levels and endothelial dysfunction in these disorders. Our results also
reveal a potent inhibitory role of NO on TRPV4 channel function, defining it as a novel
physiological regulator (limiter) of TRPV4 channels (Figure 15). TRPV4 channels are
Ca2+-selective cation channels with a large single channel conductance; the amount of Ca 2+
entering through one TRPV4 channels is ~ 100 times higher than an L-type Ca 2+ channel49.
A slight overactivation of TRPV4 channels could lead to Ca 2+ overload. It is, therefore,
critical to tightly control the activity of these channels without inhibiting their
physiological effect. The TRPV4-eNOS signaling achieves this feat by mediating the
functional effect of TRPV4 channels, and by limiting the channel function through
endothelial GC-PKG signaling. While some pulmonary vascular disorders show reduced
NO levels70,101,175,176, others show excessive TRPV4 channel activity178-180,195,196. Thus, we
propose that abnormalities in NO-PKG-TRPV4 feedback mechanism may be involved in
both the types of pulmonary dysfunctions.
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CHAPTER 4. IMPAIRED ENDOTHELIAL CAVEOLIN-1-TRPV4 CHANNEL
SIGNALING CONTRIBUTES TO ENDOTHELIAL DYSFUNCTION IN
PULMONARY HYPERTENSION
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4.1 Abstract
Endothelial dysfunction is a hallmark of pulmonary hypertension (PH) contributing
to impaired endothelium-dependent vasodilation and increased pulmonary arterial pressure
(PAP). However, the mechanisms regulating endothelial dysfunction in the pathogenesis
of PH remains poorly understood. Recently, endothelial TRPV4 (TRPV4 EC) channels have
been identified as key regulators of endothelium-dependent vasodilation in resistance PAs.
The purpose of this study was to determine the physiological role of TRPV4 EC channel
activity in the maintenance of resting PAP and its contribution to the development of PH.
Novel endothelium-specific TRPV4EC-/- mice showed elevated PAP revealing the crucial
role of TRPV4EC channel activity in the maintenance of resting PAP. Caveolin-1 (Cav-1 EC)
is an important structural protein in the pulmonary endothelium which is known to
associate with TRPV4EC channels in cultured endothelial cells. We hypothesized that Cav1EC regulates TRPV4EC channel activity and that Cav-1EC-TRPV4EC channel regulation is
impaired in PH. PH was induced in mice using a three-week chronic hypoxia (CH) model.
In normal mice, protein kinase C (PKC) anchoring to Cav-1EC potentiated TRPV4EC
channel activity. However, in CH mice loss of Cav-1EC-PKC anchoring attenuated
TRPV4EC channel activity resulting in impaired vasodilation and elevation in PAP.
Impairment in Cav-1EC-PKC-TRPV4EC channel signaling was a result of elevated
peroxynitrite production (PN). Scavenging PN rescued TRPV4 EC channel activity,
endothelium-dependent vasodilation, and lowered resting PAP in CH mice. Together, our
data reveal a novel Cav-1EC-dependent regulation of TRPV4EC channel activity which is
disrupted in PH resulting in endothelial dysfunction and increased PAP.
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4.2 Introduction
Pulmonary hypertension (PH) is a vascular disorder characterized by impaired
vasodilation, excessive vasoconstriction, and vascular remodeling of the small, resistancesized pulmonary arteries (PAs) that regulate pulmonary arterial pressure (PAP) 197. The
higher vascular resistance, caused by impaired vasodilation in small PAs, increases PAP
and ultimately leads to right ventricular failure90. While the association between vascular
dysfunction and elevated PAP in PH is well-known, the mechanisms contributing to
impaired vascular function remain poorly understood. Current therapies for the treatment
of PH include administration of vasodilators to help lower vascular resistance in small
PAs198. However, therapeutic interventions have a poor long-term efficacy, with PH
patients continuing to have a 5-year mortality rate of approximately 30% 89. To develop
more effective therapeutic treatments, it is imperative to understand the mechanisms
underlying vascular dysfunction in PH.
Impaired vasodilation in PH is caused by s dysregulation of endothelial Ca 2+
signaling leading to endothelial dysfunction and elevated PAP 92,101. TRPV4 (transient
receptor potential vanilloid 4), a cell membrane cation channel, has recently emerged as an
important regulator of vascular function both in resistance PAs 29. Spatially localized Ca2+
influx through endothelial TRPV4 (TRPV4EC) channels promotes vasodilation through the
activation of endothelial nitric oxide synthase (eNOS) and subsequent release of nitric
oxide (NO)29. TRPV4EC channels can be activated by a multitude of physiological stimuli,
including ATP, which potentiate TRPV4 channel activity through Gq-protein coupled
receptors (GPCR) signaling22,29. Although the importance of TRPV4EC channel-mediated
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vasodilation is well appreciated, the mechanisms that regulate TRPV4 EC channel activity
remain to be elucidated. Caveolin-1 (Cav-1), the main structural component of caveolae,
has emerged as an important structural protein for GPCR signaling in the pulmonary
circulation and has been associated with the development of primary PH 82. Furthermore,
Cav-1 and TRPV4 channels have been shown to colocalize in cultured endothelial cells
(EC)199,200. However, the potential role of endothelial Cav-1 (Cav-1EC) as a regulator of
TRPV4EC channel function, and its contributions to the development of PH remain to be
discovered.
Endothelial dysfunction caused by increased oxidative stress has been implicated
in the pathogenesis of PH92,101. PH patients have elevated levels of peroxynitrite (PN), a
reactive nitrogen product of the reaction between superoxide (O2.-) and NO201. Oxidative
stress has also been shown to alters Ca2+ signaling in cultured pulmonary microvascular
ECs58,202. However, the mechanisms by which oxidative stress causes endothelial
dysfunction in resistance PAs, remains unknown. Therefore, we hypothesize that Cav-1 EC
regulation of TRPV4EC channel activity maintains a low resting PAP under normal
conditions and that elevated PN formation in PH inhibits TRPV4 EC channel activity
resulting in endothelial dysfunction, impaired vasodilation, and ultimately elevation of
PAP.
To test our hypothesis, we developed novel inducible endothelium-specific
TRPV4EC-/- and Cav-1EC-/- mouse models. Our data demonstrate that both TRPV4 EC-/- and
Cav-1EC-/- mice have impaired TRPV4EC channel activity, reduced endothelium-dependent
vasodilation, and elevated resting PAP. Furthermore, we show that Cav-1 EC-TRPV4EC
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channel signaling is impaired in a chronic hypoxia model of PH due to increased PN
production. Scavenging PN rescued TRPV4EC channel activity and restored resting PAP.
Our results provide novel insights into the mechanisms underlying endothelial dysfunction
and reveals novel therapeutic targets for the treatment of PH.

4.3 Results
TRPV4EC channel activity lowers resting PAP.
To identify the role of TRPV4EC channel activity on resting PAP, we generated
tamoxifen-inducible endothelium-specific TRPV4 knockout (TRPV4 EC-/-) mice, where
TRPV4 channels are exclusively knocked out in endothelial cells (ECs). Endothelial
knockout

of

TRPV4

channels

was

confirmed

at

the

protein

level

using

immunofluorescence on en face resistance PAs (Figure 16A) and at the mRNA level on
freshly isolated ECs (Figure 16 B). Localized, unitary Ca2+ influx events through TRPV4EC
channels – termed TRPV4EC sparklets – were recorded on en face PAs. TRPV4EC sparklet
activity induced by the specific TRPV4 channel agonist, GSK1016790A (GSK101; 3-10
nM), was significantly reduced in TRPV4EC-/- PAs compared to wild-type (WT) PAs
(Figure 16C). Resistance PA from TRPV4EC-/- mice also had impaired endotheliumdependent vasodilation to GSK101 (3-30 nM) (Figure 16D). Importantly, TRPV4 EC-/- mice
had elevated right ventricular systolic pressure (RVSP), which is used as a standard indirect
measurement of PAP (Figure 16E). However, TRPV4EC-/- mice did not develop right
ventricular hypertrophy measured by the Fulton index, a ratio of the right ventricular (RV)
weight over the left ventricle and septal (LV +S) weight (Figure 16E). Together, these data
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are the first to show that TRPV4EC channel activity regulates vasodilation in resistance PAs
thereby maintaining normal resting PAP.
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FIGURE 16. ENDOTHELIUM-SPECIFIC TRPV4 KNOCKOUT (TRPV4 EC-/-)
MICE HAVE ELEVATED PAP.
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Figure 16. Endothelium-specific TRPV4 knockout (TRPV4EC-/-) mice have elevated
PAP. A. Representative image of an en face, fourth-order resistance PAs from WT (top)
and TRPV4EC-/- (bottom) mice showing immunofluorescence for TRPV4 (red) and DAPI
(blue) in ECs (left) and SMCs (right). B. Relative TRPV4 mRNA expression in freshly
isolated ECs from WT and TRPV4EC-/- mice. n=3 mice, *p< 0.05 for TRPV4EC mice
relative to WT, t-test. C. Left, representative fractional fluorescence (F/F0) traces of
TRPV4EC sparklet sites after treatment with GSK101 (10 nM) in en face PAs from WT and
TRPV4EC-/- mice. Dotted lines indicate quantal levels for TRPV4EC channel activation
previously derived from an all points histogram29. Right, average TRPV4EC sparklet
activity (NPO per site) following treatment with GSK101 (3-30 nM) in PAs from WT and
TRPV4EC-/- mice. n=3-5 fields, *p<0.05 for WT vs. TRPV4EC-/-, two-way ANOVA. D. Left,
representative diameter traces of pressurized PAs from WT and TRPV4 EC-/- mice treated
with GSK101 (3-30 nM). Right, average percent vasodilation following treatment with
GSK101 (3-30 nM) in WT and TRPV4EC-/- PAs. n=3 PAs, *p<0.05 for WT vs. TRPV4EC/-

, two-way ANOVA. E. Left, representative RVSP traces of WT and TRPV4EC-/- mice.

Right, average RVSP in WT and TRPV4EC-/- mice and average Fulton index (RV
weight/LV+S weight) for WT and TRPV4EC-/- mice. n=5-6 mice, *p<0.05 for WT vs.
TRPV4EC-/- mice, t-test. All data are represented as mean ± SEM.
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TRPV4EC channel activity is impaired in PH and contributes to elevated PAP.
Since TRPV4EC channel activity regulates resting PAP, we examined whether
impaired TRPV4EC channel activity contributes to endothelial dysfunction in PH.
TRPV4EC channel activity was analyzed in a chronic hypoxia (CH) mouse model of PH,
where mice are housed in a hyperbaric chamber and exposed to 10% O 2 for three weeks,
while the normoxic (N) controls are exposed to room air (20% O 2). Consistent with
previous studies, CH mice had elevated RVSP accompanied by right ventricular
hypertrophy (Figure 17A), indicative of a robust development of PH. Interestingly,
vasodilation in response to GSK101 (3-30 nM), was impaired in PAs from CH mice (Figure
17B). To confirm that the impaired vasodilation observed in CH mice was due to TRPV4 EC
channel dysfunction rather than a complete loss of endothelium-dependent vasodilatory
capacity, PAs were treated with NS309 (1 M), a specific agonist for intermediate and
small conductance K+ channel (IK and SK channels respectively). Opening of IK and SK
channels generates a hyperpolarizing current that is transmitted from the ECs to the SMCs
to dilate PAs203. IK and SK channels are not coupled to TRPV4EC channels in resistance
PAs and are therefore a good indicator of endothelial health independent of TRPV4 EC
channel activity. In PAs from CH mice, addition of NS309 (1 M) caused a similar
vasodilation compared to PAs from N mice (Figure 17C), demonstrating that endotheliumdependent vasodilatory capacity is intact in CH mice. TRPV4 EC channel dysfunction was
confirmed by decreased TRPV4EC sparklet activity in response to GSK101 (3-30 nM) in
PAs from CH mice (Figure 17D). Importantly, TRPV4 mRNA levels did not differ in PAs
from N and CH mice (Figure 17E), suggesting that altered TRPV4EC sparklet activity in
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CH mice is caused by changes in TRPV4EC channel regulation rather than changes in
channel expression.
TRPV4EC channels activate eNOS-NO signaling to dilate resistance PAs, therefore
uncoupling of eNOS could contribute to the impaired endothelium-dependent vasodilation
observed in CH mice. To test whether eNOS downstream of TRPV4 EC channels was
uncoupled in the ECs of CH mice, TRPV4EC-dependent release of NO was measured using
the fluorescent indicator 4-amino-5 methylamino-2’,7’difluorofluorescenin diacetate
(DAF-FM, 5 M). Equal activation of TRPV4EC sparklets in PAs from N and CH mice by
GSK101 (10 nM and 30 nM respectively) caused a similar increase in DAF-FM
fluorescence (Figure 18A), indicating that eNOS downstream of TRPV4 EC channels was
still able to be activated by TRPV4EC channel signaling. Furthermore, addition of the NO
donor, NONOate (0.1-10 M), dilated PAs from CH and N mice to the same extent,
indicating that the signaling targets downstream of NO were not affected in PH (Figure
18B), further supporting an impairment in TRPV4 EC channel regulation, not expression, as
the main insult causing endothelial dysfunction in PH.
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FIGURE 17. TRPV4EC CHANNEL ACTIVITY
CONTRIBUTING TO ELEVATED PAP.

IS

IMPAIRED

IN

PH
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Figure 17. TRPV4EC channel activity is impaired in PH contributing to elevated PAP.
A. Averaged RVSP (left) and Fulton index (right) for normoxic (N) and chronic hypoxic
(CH) mice. n=9-12 mice, *p<0.05 for N vs. CH mice, t-test. B. Average percent
vasodilation following treatment with GSK101 (3-30 nM) in N and CH PAs. n=9-10 PAs,
*p<0.05 for N vs. CH, two-way ANOVA. C. Percent vasodilation following treatment with
NS309 (1 M) in N and CH PAs. n=5 PAs. D. Average NPO per site following treatment
with GSK101 (3-30 nM) in PAs from N and CH mice. n=3-6 fields, *p<0.05 for N vs. CH,
two-way ANOVA. E. Relative TRPV4 mRNA expression from isolated PAs from N and
CH mice. n=3 mice. All data are represented as mean ± SEM.
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FIGURE 18. NO SIGNALING DOWNSTREAM OF TRPV4 EC CHANNEL
ACTIVATION IS UNAFFECTED IN CH MICE.
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Figure 18. NO signaling downstream of TRPV4 EC channel activation is unaffected in
CH mice. A. Left, averaged NPO per site of N and CH mice treated with 10 nM and 30 nM
GSK101, respectively. n= 3-4 fields. Right, averaged DAF-FM fluorescence of PAs from
N and CH mice treated with 10 nM and 30 nM GSK101, respectively. n= 3 PAs. B.
Average percent vasodilation following treatment with NONOate (0.1-10 M) in N and
CH PAs. n=5 PAs. All data are represented as mean ± SEM.
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Cav-1EC-dependent potentiation of TRPV4EC channels is impaired in PH
TRPV4EC channels require an anchoring protein to facilitate channel activation by
physiological agonists39,49,203. Cav-1 has been suggested to interact with TRPV4 channels
in cultured ECs and has emerged as an important structural protein in the pulmonary
endothelium 199,200. To determine the role of Cav-1EC on TRPV4EC channel activation, we
developed a novel, tamoxifen-inducible, endothelium-specific, Cav-1 -/- mouse (Cav-1EC-/). Endothelium-specific knockout of Cav-1 was confirmed by a decrease in
immunofluorescence of Cav-1EC in en face PAs and by a decrease in Cav-1EC mRNA
expression on freshly isolated ECs (Figure 19A and B). Loss of Cav-1 EC resulted in
elevated RVSP without right ventricular hypertrophy (Figure 19C). TRPV4 EC sparklet
activity was decreased in PAs from Cav-1EC-/- mice (Figure 19D). Furthermore, PAs from
Cav-1EC-/- mice had impaired vasodilation in response to GSK101 (3-10 nM) (Figure 19E).
These data are the first to show that Cav-1EC is an important structural protein regulating
TRPV4EC channel activity.
Cav-1 can facilitate TRPV4 channel opening by localizing physiological activators,
such as protein kinase C (PKC), by anchoring at the caveolin scaffold domain (CSD) in
close proximity to the channel204,205. We examined whether PKC anchoring to Cav-1EC
potentiates TRPV4EC activity in resistance PAs. Addition of the PKC activator, phorbol
12-myristate 13-acetate (PMA, 10 nM), increased TRPV4 EC sparklet activity in WT PAs
but had no effect on Cav-1EC-/- PAs (Figure 19F). Blocking PKC anchoring to Cav-1 using
CSD competing peptide205,206 (10 M) attenuated PKC-dependent potentiation of
TRPV4EC channels in control PAs (Figure 19G). Together, these data reveal that PKC
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anchoring to Cav-1EC at the CSD is required for the PKC-dependent potentiation of
TRPV4EC channels. Next, we examined if TRPV4EC channel dysfunction in PH is due to
the dysregulation of Cav-1EC-PKC signaling. Addition of PMA (10 nM) did not increase
TRPV4EC sparklet activity in CH PAs supporting an impaired Cav-1EC-PKC signaling in
PH (Figure 19H). This was further confirmed by decreased Cav-1EC-PKC, colocalization
in CH mice (Figure 19I). However, Cav-1EC:TRPV4EC colocalization was not altered in
CH (Figure 19I). Together, these data are the first to demonstrate that Cav-1 EC-PKC
signaling potentiates TRPV4EC channel activity and that loss of PKC anchoring to Cav-1EC
in PH contributes to TRPV4EC channel dysfunction.
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FIGURE 19. CAV-1EC-DEPENDENT POTENTIATION OF TRPV4EC CHANNELS
IS IMPAIRED IN PH.

125
Figure 19. Cav-1EC-dependent potentiation of TRPV4EC channels is impaired in PH.
A. Representative image of an en face, fourth-order resistance PAs from WT (left) and
Cav-1EC-/- (right) mice showing immunofluorescence for Cav-1 (red) and DAPI (blue) in
ECs. B. Relative Cav-1 mRNA expression in ECs from WT and Cav-1EC-/- mice. n=4 mice,
*p< 0.05 for TRPV4EC mice relative to WT, t-test. C. Averaged RVSP (left) and Fulton
index (right) for WT and Cav-1EC-/- mice. n=7-9 mice, *p<0.05 for WT vs. Cav-1EC-/- mice,
t-test. D. Average NPO per site at following treatment with GSK101 (3-30 nM) in PAs from
WT and Cav-1EC-/- mice. n=3-8 fields, *p<0.05 for WT vs Cav-1EC-/-, two-way ANOVA.
E. Average percent vasodilation following treatment with GSK101 (3-30 nM) in WT and
Cav-1EC-/- PAs. n=3-6 PAs, *p<0.05 for WT vs Cav-1EC-/-, two-way ANOVA. F. Average
NPO per site in WT and Cav-1EC-/- PAs treated with 3 nM GSK101 in the absence or
presence of PMA (10 nM). n=5 fields, *,#p<0.05 WT before PMA vs. WT plus PMA and
WT vs Cav-1EC-/- before PMA respectively, t-test. G. Average NPO per site to PMA (10
nM) in the absence or presence of the caveolin-1 scaffolding domain peptide (CSD, 2 µM)
or scramble peptide (Scr, 2 µM). n=3 PAs, *p<0.05, t-test. H. Average NPO per site
following treatment with PMA (10 nM) in N and CH PAs. n=5 fields, *p<0.05, t-test vs.
baseline. I. Average proximity ligation assay (PLA) puncta per cell for Cav-1:TRPV4 (left)
or Cav-1:PKC (right) in N and CH PAs. n=3 PAs, *p<0.05, t-test. All data are represented
as mean ± SEM.
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Peroxynitrite (PN) impairs Cav-1EC-PKC-TRPV4EC channel signaling in PH.
Elevated production of the nitrative species peroxynitrite (PN) has been implicated
in the pathogenesis of PH207. Inhibiting PN production with uric acid (UA; 200 M; PN
scavenger), FeIII-tetra-(4-sulfonatophenyl)-porphyrin (FeTPPS; 1 M; PN decomposer), or
Tempol (200 M; a superoxide dismutase (SOD) mimetic that reduces O 2.-) rescued
TRPV4EC sparklet activity in response to GSK101 (3 nM) in CH PAs (Figure 20A).
Increased TRPV4EC sparklet activity in the presence of UA was mirrored by improved
endothelium-dependent vasodilation in response to GSK101 (10 nM) (Figure 20B).
Strikingly, an acute injection of FeTTPs (30 mg/ kg body weight, i.p.) reduced the RVSP
of CH mice back to normal levels but had no effect on N mice (Figure 20C), demonstrating
that PN-dependent impairment of TRPV4EC channel activity attenuates endotheliumdependent vasodilation and elevates RVSP in CH mice.
To confirm the specific role of PN on TRPV4EC channel activity, en face PAs from
N mice were incubated with exogenous PN (5 M). Treatment with exogenous PN
decreased TRPV4EC sparklet activity, an effect that could be reversed by washing out PN
(Figure 21A). Inhibition of TRPV4EC sparklets by exogenous PN was attenuated in the
presence of UA (Figure 21B). Addition of PN donor, SIN-1 (100 M), which decomposes
into O2.- and NO to form PN, also decreased TRPV4EC sparklet activity (Figure 21C).
Selective scavenging NO with carboxy-PTIO potassium salt (CPTIO; 50 M) rescued
TRPV4EC sparklets, indicating that the effect of SIN-1 on TRPV4 EC channel activity was
specific to PN (Figure 21C). As such, PN impaired TRPV4EC-dependent vasodilation but
did not affect IK/SK-dependent vasodilation, demonstrating that PN was not altering
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endothelium-dependent vasodilatory capacity (Figure 21D and E). Interestingly, PN had
no effect on TRPV4EC sparklet activity in PAs obtained from Cav-1EC-/- mice suggesting
that PN specifically targets Cav-1EC to inhibit TRPV4EC channel activity (Figure 21F). This
was confirmed using HEK293 cells transfected with TRPV4 channels alone or TRPV4
channels and Cav-1. Exogenous PN had no effect on TRPV4 currents when the cells were
transfected with TRPV4 channels alone (Figure 21G). However, when cells were cotransfected with TRPV4 channels and Cav-1, addition of PN attenuated TRPV4 channel
currents (Figure 21G), supporting the specificity effect of PN on Cav-1 EC.
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FIGURE 20. PN IMPAIRS TRPV4EC CHANNEL ACTIVITY IN PH.

129
Figure 20. PN impairs TRPV4EC channel activity in PH. A. Average NPO per site in N
and CH PAs in the absence or presence of uric acid (200 M, left), FeTPPs (1 mM, middle),
or tempol (200 mM, right). n=3-5 PAs, *p<0.05 using one-way ANOVA. B. Left,
representative diameter traces of pressurized PAs from CH mice treated with GSK101 (10
nM) in the absence or presence of uric acid (200 M). Right, average percent vasodilation
in N and CH mice following treatment with GSK101 (10 nM) in the absence or presence
of uric acid (200 M). n=5 PAs, *p<0.05 for CH vs. CH plus UA, one-way ANOVA. C.
Left, representative RVSP traces of CH mice at baseline and after acute injection of FeTPPs
(30 mg/kg BW, i.p.). Right, average RVSP in N and CH mice before and after treatment
with FeTPPs. n=6-8 mice, *p<0.05 for baseline vs. FeTPPs, paired t-test. All data are
represented as mean ± SEM.
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FIGURE 21. EXOGENOUS PN ATTENUATES TRPV4 EC SPARKLET ACTIVITY
IN NORMAL MICE.
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Figure 21. Exogenous PN attenuates TRPV4EC sparklet activity in normal mice. A.
Left, representative F/F0 traces of TRPV4EC sparklet sites in WT mice to GSK101 (10 nM),
after exogenous addition of PN (5 M), and after washout. Right, average NPO per site
treated with GSK101 (10 nM) and after addition of PN (5 M), and after washout. n=5
PAs, *p<0.05 using one-way ANOVA. B. Average NPO per site with GSK101 (10 nM)
and after addition of PN (5 M) in the presence of uric acid (200 M, UA). n=3 PAs. C.
Average NPO per site PAs with GSK101 (10 nM), after addition of SIN-1 (100 M), and
after addition of CPTIO (50 M). n=3 PAs, *p<0.05 using one-way ANOVA. D. Left,
representative diameter traces of pressurized PAs from N mice treated with GSK101 (3-10
nM) in the absence or presence of PN (5 M). Right, average percent vasodilation to
GSK101 (10 nM) in the absence or presence of PN (5 M). n=5 PAs, *p<0.05 using t-test.
E. Average percent vasodilation to NS309 (1 M) in N mice in the absence or presence of
PN (5 M). n=5 PAs. F. Average NPO per site in WT and Cav-1EC-/- mice treated with
GSK101 (3 nM) in the absence or presence of PN (5 M). n=3 PAs. G. Left, representative
TRPV4 current traces in HEK293 cells transfected with TRPV4 channels and Cav-1 in the
presence or absence of PN (5 M). Right, averaged TRPV4 current density in HEK293
cells transfected with TRPV4 channels alone or in conjunction with Cav-1. n=5-6 cells,
*p<0.05 using one-way ANOVA. All data are represented as mean ± SEM.
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NOX1, mitochondria, and iNOS are sources of ROS in PH.
NADPH oxidases (NOXs) and the mitochondria are a main source of O 2.production which have been associated with the development of PH 102. However, the
specific sources of O2.- production contributing to the formation of PN in the endothelium
of resistance PAs has not been elucidated. NOX1 expression was increased in PAs from
CH mice, identifying NOX1 as the possible source of O2.- production in PH (Figure 22A).
Inhibition of NOX1 activity with ML171 (1 M) or selectively scavenging mitochondrialderived ROS using the mitochondrial targeted antioxidant MitoQ (1 M) rescued TRPV4EC
sparklet activity in CH mice (Figure 22A and B). Both O2.- and NO production are required
for the formation of PN. Increased expression of inducible nitric oxide synthase (iNOS),
resulting in NO production, has been associated with the development of PH 208,209.
Although iNOS mRNA expression was not different between N and CH PAs, specific
inhibition of iNOS with 1400W (1 M) rescued TRPV4EC sparklet activity in CH PAs
(Figure 22C), suggesting that iNOS activity is increased in CH. Together, these data
suggest that NOX1 and the mitochondria are the main sources of O 2.- and iNOS is the
source of NO which generate PN and inhibit TRPV4EC channel activity in PH.

133
FIGURE 22. NOX1-, MITOCHONDRIA-, AND INOS-DEPENDENT SIGNALING
IMPAIRS TRPV4EC SPARKLET ACTIVITY IN CH MICE.
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Figure 22. NOX1-, mitochondria-, and iNOS- dependent signaling impairs TRPV4 EC
sparklet activity in CH mice. A. Left, Relative NOX1 mRNA expression in whole PAs
from N and CH mice. n=5 mice, *p< 0.05 for NOX1 expression in CH mice relative to N,
t-test. Right, Average NPO per site in N and CH mice treated with GSK101 (3 nM) in the
absence or presence of ML171 (1 M). n=7-8 fields, *,#p<0.05 using paired t-test vs. CH
baseline and independent t-test vs. N baseline, respectively. B. Average NPO per site in N
and CH mice treated with GSK101 (3 nM) in the absence or presence of MitoQ (1 M).
n=5-8 fields, *p<0.05 using paired t-test vs. CH baseline. C. Left, Relative iNOS mRNA
expression in whole PAs from N and CH mice. n=5 mice. Right, Average NPO per site in
N and CH mice treated with GSK101 (3 nM) in the absence or presence of 1400W (1 M).
n=5-8 fields, *p<0.05 using paired t-test vs. CH baseline. All data are represented as mean
± SEM.
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FIGURE 23. PEROXYNITRITE INHIBITS CAV-1 EC-PKC-TRPV4EC SIGNALING
IN PULMONARY HYPERTENSION.
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Figure 23. Peroxynitrite inhibits Cav-1EC-PKC-TRPV4EC signaling in pulmonary
hypertension. Schematic represents changes regulation of TRPV4EC channel activity in
normal PAs and in pulmonary hypertension. In normal PAs anchoring of protein kinase C
(PKC) to caveolin-1 (Cav-1) potentiates TRPV4EC channel activity. Ca2+ influx through
TRPV4EC channels activates endothelial nitric oxide synthase (eNOS) causing the release
of nitric oxide (NO) leading to vasodilation and overall decrease in pulmonary arterial
pressure (PAP). In pulmonary hypertension, release of superoxide (O 2.-) from NADPH
oxidase 1 (NOX1) and mitochondria and NO release from inducible NOS (iNOS) leads to
the formation of peroxynitrite (PN). Increased production of PN blocks Cav-1-PKC
anchoring resulting in reduced TRPV4EC channel activity, attenuated vasodilation, and
ultimately increase in PAP.
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4.4 Discussion
Impaired endothelium-dependent vasodilation in PAs is associated with increased
PAP leading to PH

92,101

. Localized Ca2+ influx through TRPV4EC channels promotes

endothelium-dependent vasodilation of small resistance PAs whose vasoreactivity affects
PAP29. Prior to this study, the contribution of TRPV4EC channel activity on resting PAP
had been difficult to elucidate due to the lack of an EC-specific knockout models. By
generating inducible, endothelium-specific TRPV4EC-/- mice, we were able to show for the
first time that TRPV4EC channel activity can lower resting PAP. We demonstrate that Cav1EC-PKC signaling potentiates TRPV4EC channel activity and is impaired in PH, leading to
elevated RVSP. Increased production of PN in PH inhibits Cav-1 EC-PKC-TRPV4EC
channel signaling by blocking the anchoring of PKC to Cav-1 EC, resulting in endothelial
dysfunction. PN is formed from O2.- generated by NOX1 and the mitochondia and NO
produced by iNOS. Taken together these data support a novel Cav-1 EC-PKC-TRPV4EC
channel-dependent signaling pathway that lowers resting PAP which is impaired in PH
through elevated production of PN (Figure 23). Results from these studies reveal important
potential therapeutic targets for the treatment of PH.
TRPV4 channels are expressed in both pulmonary ECs and SMCs but have
opposing effects on vascular tone. Global TRPV4 -/- mice have normal PAP making the
precise contribution of EC and SMC TRPV4 channel signaling on resting PAP difficult to
determine210,211. Furthermore, compensatory signaling mechanisms in global knockout
mice may also help maintain normal pulmonary blood pressure. Using inducible
endothelium-specific TRPV4EC-/- mice revealed, for the first time, that TRPV4EC channel
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activity is a crucial for maintaining a low resting PAP. Elevated PAP and impaired
endothelial function in the CH model of PH was caused, in part, by reduced TRPV4 EC
channel activity. It is possible that increased SMC TRPV4 channel expression or activity
contributed to elevated PAP in PH210. However, rescuing TRPV4EC channel activity alone
was sufficient to restore endothelium-dependent vasodilation and resting PAP in PH mice,
emphasizing the importance of TRPV4EC channel signaling in maintaining resting PAP.
Further studies are necessary to understand the SMC-specific effect of TRPV4 channels in
both health and disease conditions.
TRPV4EC channel activity is potentiated by anchoring proteins that localize
physiological activators within close proximity to the channel 39,49,203. Cav-1EC is a
prominent structural protein in the pulmonary circulation and can regulate Ca 2+ signaling
in pulmonary ECs
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. Furthermore, Cav-1 and TRPV4 channels colocalize in cultured

EC199,200, but the possible role of Cav-1EC-dependent regulation of TRPV4EC activity in
intact resistance PAs had not been investigated. Impaired TRPV4 EC activity and elevated
RVSP in Cav-1EC-/- mice are the first evidence of a Cav-1EC-dependent regulation of
TRPV4EC channel activity in resistance PAs. Cav-1EC anchors PKC, a known potentiator
of TRPV4EC channels, at the CSD204,205. PKC-dependent potentiation of TRPV4EC
channels requires PKC to be within close proximity to the channel for efficient signaling.
Our data demonstrating loss of PKC-dependent activation of TRPV4 EC channels in the
presence of the CSD competing peptide supported a role for Cav-1 EC-PKC dependent
signaling mechanism potentiating TRPV4EC channels signaling in resistance PAs and
lowering PAP.
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Previous reports have associated changes in Cav-1 expression with the
development of PH78,213. Our data show that Cav-1EC-dependent regulation of TRPV4EC
channels, not changes in Cav-1EC expression, contributes to endothelial dysfunction in PH.
PN inhibited Cav-1EC-PKC anchoring thereby decreasing TRPV4EC channel activity in CH
PAs. Scavenging endogenous PN production quickly rescued TRPV4 EC channel activity
and Cav-1EC-PKC localization. Interestingly, exogenous PN had no effect on TRPV4 EC
channel activity in Cav-1EC-/- mice indicating that PN affects Cav-1EC-dependent regulation
of TRPV4EC channel activity. Further studies are necessary to investigate the specific
mechanism by which PN affect Cav-1EC.
Increased levels of PN, formed by the reaction of O2.- and NO, are linked to
endothelial dysfunction in multiple vascular pathologies, including PH 92,101. O2.- is released
by NOX enzymes which have been shown to colocalize with Cav-1 on cell membranes 214.
Our data demonstrate that NOX1 is a source of O2.- in pulmonary ECs from CH mice.
Mitochondrial-derived ROS has also been implicated in the pathogenesis of PH.
Selectively scavenging mitochondrial-derived ROS rescued TRPV4 sparklet activity in CH
mice suggesting that the mitochondria may be another source of O 2.- production in PH.
Increased expression of iNOS and release of NO also contribute to the formation of PN in
CH mice. Previous reports have attributed eNOS uncoupling as a source of O 2.- in PH.
However, our data indicate that the pool of eNOS localized downstream of TRPV4 EC
activity is not affected in CH mice. TRPV4EC channel activation to normal levels was still
able to increase eNOS-dependent NO release in CH mice. Thus, low baseline NO
production observed in CH mice can be attributed to impaired TRPV4 EC channel activity
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rather than impairments in eNOS function. Together, these data demonstrate that
endothelial dysfunction in PH is not caused by eNOS uncoupling, but rather changes in
TRPV4EC channel regulation.
Recently, a NOS-independent pathway of NO production has emerged as an
important source of NO. Nitrite, derived from NO oxidation, is an inert product that is
stored in red blood cells215. Under hypoxia, nitrite is converted to NO which diffuses out
of the red blood cells promoting vasodilation216. However, the role of nitrite-derived NO
on resistance PAs and its contribution to resting PAP under normal conditions and in PH
remain unknown. It is possible that nitrite-derived NO exerts a small but constant
vasodilatory effect on resistance PAs and that TRPV4EC channels activate in response to
neurohumoral signaling to dynamically regulate arterial vasodilation. Although nitrite
levels have not been directly studied in PH, it is plausible that reduced nitrite levels would
further contribute to lower NO production and increased PAP.
In summary, TRPV4EC channel activity is necessary for maintaining low resting
PAP in the pulmonary circulation. Cav-1EC-PKC signaling potentiates TRPV4EC channel
activity in normal resistance PAs. Impaired Cav-1 EC-PKC-TRPV4EC channel signaling by
PN contributes to endothelial dysfunction and elevated PAP in PH. Scavenging PN rescued
Cav-1EC-PKC-TRPV4EC channel signaling, improved endothelial function, and lowered
PAP. These results identify a novel mechanism that can be exploited for the development
of therapeutic interventions to treat PH.
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CHAPTER 5. FUTURE DIRECTIONS
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5.1 Chapter 3 Future Directions.
Our work identified ATP, a novel physiological activator of TRPV4 EC channels, as
being unique to the pulmonary circulation. We show that ATP signals through P2
purinergic receptors to potentiate TRPV4EC sparklet activity (Figure 14). However, the
identity of the specific P2 receptor involved in ATP-TRPV4EC signaling remains unknown.
There are two major classes of P2 receptors; G-protein coupled P2Y receptors and
ionotropic P2X receptors. P2Y1, P2Y2, and P2Y4 receptors are expressed in normal lung
tissue homogenates, but only P2Y2 receptors (P2Y2R) preferentially bind ATP and
therefore are most likely contributing to ATP-TRPV4EC channel signaling in resistance
PAs171. To this point, deletion of P2Y2R impairs Ca2+ signaling in cultured ECs and blocks
ATP-dependent vasodilation in systemic arteries217,218. Preliminary data of en face PAs
treated with P2Y2R inhibitor, AR-C118925XX (AR-C, 10 M), show attenuated ATPdependent increase in TRPV4EC sparklet activity (Figure 24), revealing an ATP-P2Y2Rdependent mechanism for potentiating TRPV4EC channel activity in resistance PAs. Future
studies are needed to test whether loss of P2Y2R signaling impairs endothelium-dependent
vasodilation, resulting in elevation of PAP. Pressure myography studies of resistance PAs
incubated with P2Y2R antagonist should show attenuated ATP-dependent vasodilations.
These data can be further confirmed by using PAs from tamoxifen inducible endotheliumspecific P2Y2R-/- (P2Y2REC-/-) mice driven by a Cdh5 ERT2 Cre. PAs from P2Y2R EC-/mice are expected to have lower baseline and ATP-dependent TRPV4 EC sparklet activity
along with impaired ATP-dependent vasodilation. Loss of TRPV4 EC channel activity may
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elevate RVSP in these mice, suggesting that ATP-P2Y2R-TRPV4 EC channel signaling
regulates resting PAP.
P2X receptor signaling may also contribute to TRPV4 EC channel activation in
resistance PAs. P2X4 receptors (P2X4R), contribute to flow mediated increases in Ca 2+ in
cultured human pulmonary ECs30. P2X4R are expressed in SMCs of rat PAs and cultured
human ECs, however their expression and functional role in the intact endothelium of
resistance PAs remain unknown31,219. Expression of P2X4R must first be confirmed by
immunofluorescence in en face resistance PAs. ATP-dependent increase in TRPV4EC
sparklet activity can then be tested in the presence of specific P2X4R inhibitors. Influx of
Ca2+ through P2X receptors may potentiate TRPV4 sparklet activity via Ca 2+-CaM
interactions220. To test the Ca2+-dependence of P2XR signaling, ATP-induced increase in
TRPV4EC sparklet activity can be measured in the presence of the Ca 2+ chelator, EGTA.
Attenuation of ATP-dependent increase of TRPV4 EC sparklet activity in the presence of
EGTA would confirm that Ca2+ influx through P2XR potentiates TRPV4EC channel
activity.
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FIGURE 24. ATP INCREASES TRPV4EC SPARKLETS IN A P2Y2R-DEPENDENT
MANNER.

Figure 24. ATP increases TRPV4EC sparklets in a P2Y2R-dependent manner.
Baseline and ATP-induced TRPV4 sparklet activity (NP O per site) in the presence of the
P2Y2R inhibitor (AR-C; 10 M) and TRPV4EC channel inhibitor (GSK219; 100 nM). Data
are represented as mean ± SEM, n=5 PAs, * P < 0.05, t-test versus baseline.
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Pannexin 1 (Panx1) channels are ATP-release channels found on ECs membranes
and may be an upstream regulator of ATP-P2R-TRPV4 EC channel signaling in resistance
PAs221. To determine whether Panx1 is the ATP-release channel contributing to ATPTRPV4EC channel signaling, baseline TRPV4EC sparklet activity should be measured in
PAs from WT and endothelium-specific Panx1-/- (Panx1EC-/-) mice. Decreased baseline
TRPV4EC sparklet activity would be predicted in PAs from Panx1 EC-/- mice due to
attenuated ATP-release compared to WT mice. However, addition of exogenous ATP
should rescue TRPV4EC sparklet activity in Panx1EC-/- mice to normal levels. High shear
stress in resistance PAs may be the physiological activator of the mechanosensitive Panx1
channel221. Shear stress-induced ATP release and activation of TRPV4EC sparklets can be
measured in Panx1EC-/- and WT mice to confirm whether Panx1 channels are the main ATPrelease channels which activate TRPV4EC channels in resistance PAs. Reduced TRPV4EC
sparklet activity in Panx1EC-/- mice is predicted to impair vasodilation and result in elevated
of PAP. However, preliminary data show no difference in RVSP between Panx1 EC-/- and
WT mice suggesting that there are compensatory ATP-release mechanisms which maintain
normal resting PAP (Figure 25). Additional studies are needed in order to confirm these
results.
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FIGURE 25. RVSP OF PANX1EC-/- MICE

Figure 25. RVSP of Panx1EC-/- mice. Average RVSP (left) and Fulton index (right) from
WT control and Panx1EC-/- mice. Data are represented as mean ± SEM, n = 3-5 mice.
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Localization of signaling components in close proximity to one another is essential
for efficient signal transduction. Our work has shown that TRPV4EC and PKC localization
with Cav-1EC is necessary for potentiation of TRPV4EC channel activity. What remains to
be confirmed is whether P2Y2R, and potentially Panx1 channels, also colocalize with Cav1EC to form a specialized micro-signaling domain. Colocalization of P2Y2R and Panx1
with Cav-1EC can be tested in en face PAs using proximity ligation assay (PLA). However,
PLA only tests the colocalization of two individual proteins and cannot verify that all
signaling components colocalize with one another. Using cell fractioning techniques, the
caveolar rich fraction from cell membranes can be isolated from pulmonary ECs and
probed for the proteins of interest (Panx1, P2Y2R, Cav-1 EC, and TRPV4EC) using western
blot to confirm that all signaling components localize to caveolae. Alternatively, imaging
of all the proteins of interest in intact pulmonary ECs can be achieved using
immunostaining techniques on en face PAs, however this would require the availability of
antibodies that fluoresce at different wavelengths.

5.2 Chapter 4 future directions
The importance of Cav-1EC-TRPV4EC channel signaling as a regulator of resting
PAP was evident by the increased RVSP in Cav-1EC-/- and TRPV4EC-/- mice. However,
RVSP recordings are only an indirect measurement of PAP. Further pressure studies should
be conducted with isolated perfused lung system to directly measure PAP in lungs from
Cav-1EC-/- and TRPV4EC-/- mice in an ex vivo preparation. This technique could elucidate
even greater differences in PAP in knockout mice versus WT. Also of interest would be to
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challenge these mice with CH and study how loss of Cav-1EC-TRPV4EC signaling impacts
the development of PH. Normoxic knockout mice already have characteristics of PH
(endothelial dysfunction and elevated RVSP), and therefore would be more susceptible to
developing severe PH when exposed to CH. In these mice, addition of PN scavengers
would not be sufficient to restore endothelial function and reduce PAP, since the mice
already had impaired TRPV4EC sparklet activity under normoxic conditions.
It would also be interesting to investigate the effects of CH on available global
NOX1-/- and iNOS-/- mice222,223. Lack of NOX1 or iNOS expression would attenuate PN
formation, thereby protecting mice from developing severe PH with exposure to CH. Other
compensatory pathways, such as NOX2 signaling or eNOS uncoupling, could be
upregulated in global NOX1-/- or iNOS-/- mice. If that occurs, the mice might not show any
differences in RVSP and TRPV4EC sparklet activity compared to WT mice. The best way
to test the possible protective effects of disrupted NOX1 or iNOS signaling would be to
generate tamoxifen-inducible endothelium-specific knockout mice. However, these
animals must first be developed and characterized before using them in these experiments.
Another area of future studies should focus on the possibility of increased NO
signaling in Cav-1EC-/- mice. Although our studies show that loss of PKC-dependent
activation is the main contributor to TRPV4EC channel dysfunction in Cav-1EC-/- mice, other
mechanisms may also be affecting TRPV4EC sparklet activity. Anchoring of eNOS to Cav1EC inhibits enzyme activity, therefore it is possible that Cav-1EC-/- mice have elevated NO
production, which is known to act as a negative feedback signaling molecule inhibiting
TRPV4EC channel coupling29,76. Measurements of baseline NO production using the NO
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indicator, DAF-FM, in en face PAs from WT and Cav-1EC-/- mice would directly reveal
whether NO production is elevated by the loss of Cav-1EC. Early studies show that
scavenging NO with carboxy-PTIO potassium salt (C-PTIO, 50 M) had no effect on
TRPV4EC sparklet activity, suggesting that NO does not impair TRPV4 EC channel activity
in Cav-1EC-/- mice. Furthermore, elevated NO signaling would be predicted to lower PAP,
however, elevated RVSP in Cav-1EC-/- mice suggest that there is not an increase in NO
production and NO-dependent vasodilation.
Cav-1 anchoring of eNOS also functions to localize the co-factors necessary for
eNOS coupling and activation76. Loss of Cav-1EC could result in inability of cofactor
binding and eNOS uncoupling resulting in production of O 2.-. It would be interesting to see
whether O2.- or PN are elevated in Cav-1EC-/- mice contributing to the TRPV4EC channel
dysfunction observed. Estimating O2.- and PN formation using dihydroethidium and
coumarin boronic acid (CBA), respectively, would determine whether oxidative stress is
higher in Cav-1EC-/- mice. Since NO scavengers did not rescue TRPV4EC activity, PN is
most likely not contributing to endothelial dysfunction in Cav-1 EC-/- mice. Selective
scavenging of O2.- would test whether the effect on TRPV4EC channels is in part due to O2.-dependent signaling. It should be noted that PN levels have been shown to be elevated in
global Cav-1-/- mice98,224. However, our studies using inducible Cav-1EC-/- mice,
approximately one month following induction, are more physiological and are expected to
be different from global knockout mice.
Future studies are also needed to understand the mechanisms by which PN impairs
Cav-1EC-PKC-TRPV4EC channel signaling in PH. PN modifies signal transduction
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pathways by directly oxidizing proteins and altering their function. Two of the main
oxidizing reactions induced by PN are cystine oxidation and tyrosine nitrosylation 225. Our
data show that the PN specifically inhibits Cav-1EC dependent potentiation of TRPV4EC
channel activity. However, the exact modification induced by PN on Cav-1 EC remains
unknown. The CSD on Cav-1 is an important site for PKC anchoring which allows for the
PKC dependent potentiation of TRPV4EC channel activity205. Addition of either exogenous
PN or the CSD competing peptide alone attenuated TRPV4EC sparklet activity. However,
early studies show that administration of PN followed by CSD peptide did not further
decrease TRPV4EC sparklet activity, suggesting that PN is modifying the CSD region of
Cav-1EC to inhibit TRPV4EC channel potentiation. The CSD contains two tyrosine residues
(Y97, Y100) that are potential nitration sites82. It’s important to note that there are no
cysteine residues on the CSD, the only three cysteines in the protein are located within the
C-terminus (C133, C143, C156)82. Administration of the reducing agent dithiothreitol
(DTT, 1mM) in CH mice rescued TRPV4EC sparklet activity, suggesting that PN is
oxidizing cysteine residues on Cav-1EC impairing TRPV4EC channel activity (Figure 26).
Future studies should focus on identifying whether PN is modifying the tyrosine residues
on the CSD or the cysteine residues which may allosterically attenuate PKC binding to the
CSD domain. Mass spectrometry on purified Cav-1 EC protein could be used to identify all
the individual residues that are oxidized after exposure to PN. Generation of Cav-1 EC with
point-mutations on the oxidized residues could be used to confirm the specificity of PN
inhibition of Cav-1EC-TRPV4EC signaling.
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FIGURE 26. CYSTEINE OXIDATION INHIBITS TRPV4 EC SPARKLET
ACTIVITY IN CH MICE.

Figure 26. Cysteine oxidation inhibits TRPV4EC sparklet activity in CH mice.
Averaged TRPV4EC sparklet activity (NPO per field) from N and CH in the presence of
GSK101 (3 and 10 nM respectively) followed by the addition of DTT (1 mM). Data are
mean ± SEM, n = 5-6 fields from 3 PAs, *P<0.05, paired t-test versus CH treated with
GSK101 alone.
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Although the CH mouse model is a well-established murine model of PH, it does
not recapitulate all aspects of human PH pathology. Specifically, mice challenged with CH
lack formation of plexiform lesion in resistance PAs. Results from CH models must be
confirmed with a second model of PH to make the findings more translatable to the human
disease. The Su + CH mouse model develops endothelial dysfunction and SMC remodeling
observed in CH alone, but also promotes the formation of plexiform lesions. Key results
from our study must be verified in a Su + CH model of PH. Preliminary data show that
TRPV4EC sparklet activity and TRPV4EC-dependent vasodilation was impaired in Su + CH
mice (Figure 27). Future studies should investigate whether Cav-1 EC-PKC-TRPV4EC
signaling is also impaired in Su + CH mice and the possibility of PN as the inhibitory
signaling molecule in this pathway.
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FIGURE 27. TRPV4EC SPARKLET ACTIVITY AND TRPV4EC CHANNELDEPENDENT VASODILATION IS IMPAIRED IN SU + CH MICE.

Figure 27. TRPV4EC sparklet activity and TRPV4EC channel-dependent vasodilation
is impaired in SU + CH mice. A. Left, representative fractional fluorescence traces (F/F0)
traces of TRPV4 sparklet sites to GSK101 (3 nM) in PAs from normoxic (N) or
hypertensive (CH and Su + CH) mice; dotted lines indicate quantal amplitudes. Right,
average NPO per site in PAs obtained from control or hypertensive mice in the presence of
the GSK101 (3 nM). n=5 PAs, *p<0.05, one-way ANOVA versus normoxic. B. Left,
representative diameter traces following GSK101 (10 nM) treatment in PAs obtained from
control or hypertensive mice. Right, averaged percent dilation to GSK101 (10 nM). n=5
PAs, *p<0.05, one-way ANOVA versus normoxic. All data are represented as mean ±
SEM.
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Finally, mouse studies must be followed up with experiments using human PAs
from PH patients, as it is the most direct way of testing whether the mechanisms we have
observed are translatable into the human disease. Resistance PAs isolated from lung wedge
samples obtained from PH patients have lower TRPV4EC sparklet activity compared to
control PAs (Figure 28). This was the first ever recording of functional TRPV4 EC channels
in freshly isolated human PAs. Impaired TRPV4 EC sparklet activity was also observed in
cultured human pulmonary ECs, supporting a role for TRPV4 EC channel dysfunction in
PH. However, whether Cav-1EC-PKC signaling regulates TRPV4EC channels in human
PAs, and whether PN production contributes to lower TRPV4 EC channel activity remains
to be tested.
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FIGURE 28. TRPV4EC SPARKLET ACTIVITY IS IMPAIRED IN PAS FROM PH
PATIENTS.

Figure 28. TRPV4EC sparklet activity is impaired in PAs from PH patients. A. Top,
grayscale field of view of en face human PA (one EC outlined in red) and representative
F/F0 traces of TRPV4 sparklet sites in PAs from control or PH human lungs. Bottom,
averaged TRPV4 sparklet activity (NPO per field and NPO per site) in PAs obtained from
control and PH human lungs in the presence of GSK101 (10 nM). n=3 PAs from 2 samples,
*P<0.05, t-test. B. Top, grayscale field of view of fluo-4 loaded pulmonary artery ECs
(PAECs) obtained from control and PH patients. Bottom, averaged TRPV4 sparklet activity
(NPO per field and NPO per site) in PAECs in the presence of GSK101 (10 nM). n=3
patients, *P<0.05, t-test. All data are represented as mean ± SEM.
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