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Abstract

We have previously shown Twik-2�/� mice develop pulmonary hypertension

and vascular remodeling. We hypothesized that distal pulmonary arteries (D-

PAs) of the Twik-2�/� mice are hypercontractile under physiological venous

conditions due to altered electrophysiologic properties between the conduit

and resistance vessels in the pulmonary vascular bed. We measured resting

membrane potential and intracellular calcium through Fura-2 in freshly

digested pulmonary artery smooth muscles (PASMCs) from both the right

main (RM-PA) and D-PA (distal) regions of pulmonary artery from WT and

Twik-2�/� mice. Whole segments of RM-PAs and D-PAs from 20 to 24-week-

old wildtype (WT) and Twik-2�/� mice were also pressurized between two

glass micropipettes and bathed in buffer with either arterial or venous condi-

tions. Abluminally-applied phenylephrine (PE) and U46619 were added to the

buffer at log increments and vessel diameter was measured. All values were

expressed as averages with �SEM. Vasoconstrictor responses did not differ

between WT and Twik-2�/� RM-PAs under arterial conditions. Under venous

conditions, Twik-2�/� RM-PAs showed an increased sensitivity to PE with a

lower EC50 (P = 0.02). Under venous conditions, Twik-2�/� D-PAs showed

an increase maximal vasoconstrictor response to both phenylephrine and

U46619 compared to the WT mice (P < 0.05). Isolated PASMCs from

Twik-2 �/� D-PA were depolarized and had higher intracellular calcium levels

compared to PASMCs from RM-PA of both WT and Twik-2�/� mice. These

studies suggest that hypercontractile responses and electrophysiologic

properties unique to the anatomic location of the D-PAs may contribute to

pulmonary hypertensive vasculopathy.

Introduction

Pulmonary hypertension is a complex disease resulting in

a progressive increase in pulmonary vascular resistance

leading to right-sided heart failure and often, death. The

vascular remodeling that is pathognomic for pulmonary

hypertension is characterized by a distal resistance vessel

arteriopathy affecting the smaller diameter resistance ves-

sels in the pulmonary vascular bed. This resistance vessel

arteriopathy occurs as a result of many proposed
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molecular mechanisms that contribute to endothelial cell

hyperplasia and smooth-muscle cell hypertrophy leading

to decreased luminal diameter and increased pulmonary

vascular resistance (Schermuly et al. 2011; Sutendra and

Michelakis 2013; Gali�e et al. 2015; Ryan and Archer

2015).

Recently, a form of hereditary pulmonary hypertension

due to heterozygous loss of function mutations in the

KCNK3 gene encoding the potassium ion channel, Task-

1, was identified (Lloyd et al. 2011; Bohnen et al. 2017).

Task-1 is an acid-sensitive potassium channel, which con-

tributes to the resting potential of human pulmonary

artery smooth muscle cells and is a member of the six

subfamilies included in the K2P two-pore potassium

channel family that were first described in 1996 and are

found in the cerebral, peripheral, and pulmonary vascular

system (Salinas et al. 1999; Patel et al. 2000; Gardener

et al. 2004; Olschewski et al. 2006; Enyedi and Czirjak

2010; Lloyd et al. 2011; Ma et al. 2013; Antigny et al.

2016). Our previous work demonstrated that loss-of-func-

tion of another K2P channel, Twik-2, led to the develop-

ment spontaneous elevation of right ventricular systolic

pressures and microvascular arteriopathy consistent with

a phenotype of pulmonary hypertension (Pandit et al.

2014). Twik-2�/� mice pulmonary vascular rings demon-

strated hypercontractility and in this study, we demon-

strate that this vascular hypercontractility is specifically

targeted to the smaller resistance vessels of the distal vas-

culature, the pathologic site of vessel injury. As the defin-

ing vasculopathy of pulmonary hypertension is known to

preferentially target the resistance vessels of the distal pul-

monary vasculature, we hypothesized that differences in

membrane potential and vasoreactivity between the proxi-

mal conduit vessels and the resistance vessels in the distal

locations of the Twik-2�/� mouse pulmonary vasculature

contribute to the site-specific microvasculopathy of pul-

monary hypertension. These studies not only demonstrate

a potential mechanism behind the Twik-2 (and K2P)

related hypercontractility, but also importantly reveal that

functional characteristics of the distal vasculature con-

tribute to selective distal vessel hypercontractility. More-

over, we predicted that alteration of the environmental

conditions of the vasoreactivity experiments to reflect the

venous physiology of the pulmonary vascular milieu

would enhance the accuracy of vasoreactivity in the pul-

monary vessels. As previous vascular physiologic studies

in animal models have focused techniques on the proxi-

mal vasculature and arterial physiologic conditions, our

current findings are a significant alteration in the way we

study the pathophysiology of pulmonary hypertension,

focusing mechanistic studies to the site of pathology in

the distal vasculature and under accurate venous

conditions.

Methods

Animals

All studies were approved by the Institutional Animal

Care and Use Committee (IACUC) of Baylor College of

Medicine. Mice used in these studies were male mice at

20 to 24 weeks of age. Twik-2�/� and wildtype littermate

mice on a SV129xC57BL/6 background were used for all

experiments (Pandit et al. 2014).

Isolation of pulmonary artery vessels

Mice were anesthetized with isoflurane and the lungs

were rapidly removed en-block and placed in cold Krebs

buffer. Either the right main pulmonary artery (RM-

PA), measuring approximately 1 mm in diameter, or the

distal second-order pulmonary right artery (D-PA), mea-

suring approximately 500 microns in diameter, was care-

fully harvested and surrounding tissue was removed,

ensuring the section of vessel had no side branches or

other holes.

Isolating pulmonary artery smooth
cells (PASMCs) through enzymatic
digestion:

After surgical isolation of either the right main or distal

second-order branch of the pulmonary artery from Twik-

2�/� and WT littermates, vessels were minced and treated

with a papain/dithiothreitol (Sigma) cocktail (15 min at

37°C), followed by a collagenase/hyaluronidase (Sigma)

cocktail (30 min at 37°C). The mixture was then tritu-

rated to form a suspension of dispersed PASMCs which

was placed on ice and typically used between 2 and 6 h

after isolation for electrophysiology studies or seeded in

culture for calcium measurements.

Patch-clamping and measurement of
membrane potential in pulmonary artery
smooth muscle cells (PASMCs)

A mixture of freshly dispersed PASMCs obtained by

enzymatic dissociation were plated on a coverslip (10–
40 cells/coverslip). Using an Axopatch 200B integrated

patch clamp amplifier and pClamp version 9.2 software,

membrane potent (Vm) using current clamp was mea-

sured in the whole-cell model. Current density using

voltage clamp was also measured and compared between

PASMCs from Twik-2�/� and WT littermates. Circulat-

ing buffer isoelectric and molecular concentrations are as

previously described in our published work (Lloyd et al.

2011).
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Measurement of intracellular calcium in
pulmonary artery smooth muscle cells
(PASCMs)

Freshly isolated PASMCs were seeded and allowed to

adhere to a glass coverslip placed in 35 mm dish and

cultured with M199 media+10% fetal bovine serum and

1%Pen/Strep until 50% confluence (about 3 days). One

coverslip was fixed and incubated with mouse smooth

muscle a-actin antibody (Immunoresearch #015-000-

003) followed by incubation with Alexa Fluor 594 goat

anti-mouse IgG (Molecular Probes-A11005) as previ-

ously described in order to confirm identity of the cul-

tured PASMCs. (Pandit et al. 2014) Next, cells were

incubated in the dark with fura-2 AM, (2.5 lmol/L,

Teflabs, TX, USA) plus Pluronic F-127 (0.01%) for 1 h,

and then washed for 15 min with physiologic saline

solution (PSS) of the following composition (in mmol/

L): 137 NaCl, 5.6 KCl, 1.6 CaCl2, 1 MgCl2, 10 glucose,

and 10 HEPES, with pH adjusted to 7.4 with NaOH. A

Sutter Lamda DG-5 Ultra high-speed wavelength chan-

ger was used to excite Fura-2 at 340/10 nm and 380/

10 nm and the emission intensity was collected at 510/

80 nm on a charge coupled device (CCD) Camera

(CoolSNAP MYO, Photometrics, Tucson, AZ) attached

to an Axio Observer (Zeiss) inverted microscope (209

objective, 0.5 NA) and images were captured every

3 sec. Values were reported as separate values at 340

and 380 nm and the 340/380 excitation ratio was calcu-

lated for each cell, with increased ratio reflective of

increased intracellular Ca2+. Measuring by ratio consid-

erably reduces the potentially confounding effects of

variations in cell thickness, dye uptake, and photo-

bleaching.

Pressurizing pulmonary vessels

After surgical extraction, the vessel was immediately

placed into the vessel chamber containing Krebs buffer

consisting of (mmol/L): 119 NaCl, 4.7 KCl, 1 MgSO4,

1.2 KH2PO4, 0.026 EDTA, 1.6 CaCl2, 5.5 glucose, and

25 NaHCO3. The buffer was gassed with oxygen and

carbon dioxide to create two different conditions, one

similar to systemic arterial blood (higher oxygen ten-

sion) or one similar to venous blood (lower oxygen

tension). The pulmonary artery physiologic conditions

are venous and a venous buffer would more closely

mimic these lower oxygen tension conditions even

though previous pressurized vessel studies have conven-

tionally utilized buffer with higher oxygen tension. The

standard “arterial” buffer was created using 20% oxygen

and 5% CO2 to create a pH of 7.39 (SD 0.02) and a

pO2 of 165 mmHg (SD 14 mmHg). The venous (lower

oxygen tension) buffer was created using 0% oxygen

and 5% CO2 to create a pH of 7.31 (SD 0.03) and a

pO2 of 45 mmHg (SD 11 mmHg). The open ends of

the vessel were mounted on glass micropipettes of an

appropriate diameter for the size of the opening of the

vessel and secured to the pipettes with 12–0 nylon

suture. The internal lumen of the vessel was not

exposed to air throughout the preparation to ensure

the integrity of the endothelium. The vessel was pres-

surized with a column of buffer connected to the

micropipettes and the vessel was tested for leaks ensur-

ing the vessel maintained pressure in a closed system.

The vessels were warmed to 37°C and held at a pres-

sure of 5 mmHg for 30 min to allow equilibration. The

vessels were magnified and digitally recorded.

Tone development

In preparation to measuring the vessel diameter response

to the addition of vasoconstrictors, we first assessed for

the development of spontaneous tone following equilibra-

tion of RM-PA and D-PA vessels. For the RM-PA, the

vessel’s external diameter was measured at 5 mmHg and

then again at incrementally increased pressures of

15 mmHg and 30 mmHg. For the D-PA, the vessel’s

external diameter was measured at 5 mmHg, then again

at incrementally increased pressures of 10 mmHg and

15 mmHg. Once tone development assessments were

completed, then pressure was reduced back to 15 mmHg

for the RM-PA and 10 mmHg for the D-PA, and the ves-

sel was allowed to equilibrate at this pressure of

10 mmHg for the completion of the experiments and

addition of vasoconstrictor.

Vasoconstrictor responses

Differences in vessel diameter to vasoconstrictors were

calculated from a starting baseline diameter measured at

physiologic representative pressures. These baseline pres-

sures were based on our previous invasive hemodynamic

measurements in these mice and our previous vasoreac-

tivity studies in cerebral vessels of similar size and caliber.

The RM-PA vessels were maintained at a pressure of

15 mmHg, and D-PA were maintained at 10 mmHg.

Vasoconstrictor dose responses were measured in pressur-

ized vessels using phenylephrine (PE) and U46619, a

thromboxane A2 agonist that is known to activate Rho-

kinase. Vasoconstrictor was added to the Krebs buffer

abluminally at increasing concentrations from 10�10mol/L

to 10�5mol/L. At each concentration, the vessel was

allowed to equilibrate in the vasoconstrictor solution for

15 minutes and the vessel external diameter was measured

at the end of the equilibration.
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Data analysis and statistics

The images collected throughout the experiments were

analyzed offline using edge detection software to measure

the external diameter of the vessels. Percent constriction

was calculated by: % constriction = 100 x (DTone – DResp)/

DTone where DTone is the vessel diameter at equilibrium

prior to the exposure to vasoconstrictor and DResp is the

vessel diameter at equilibrium following exposure to

phenylephrine. Data are expressed as mean � SEM. Dose

response analysis was done using a two-way repeated

measure ANOVA. Analysis of EC50 values were calculated

using one-site specific binding nonlinear curve fitting

with Prism 7 (GraphPad Software, Inc. San Diego, CA)

for each vessel. EC50 values between two groups were

compared using a Student’s t-test. Differences were con-

sider statistically significant if P < 0.05.

Results

Twik-2�/� pulmonary artery smooth muscle
cells (PASMCs) display heterogeneity in
resting membrane potential (Vm) based on
anatomic location

We compared the Vm of PASMCs from Twik-2�/� and WT

mice isolated from the RM-PA and distal intralobar branch

(D-PA). (Fig. 1) While there were no significant differences

in the Vm between WT and Twik-2�/� vascular smooth

muscle cells from the proximal RM-PA, the Twik-2�/� distal

vascular smooth muscle cells were significantly more depo-

larized compared to WT distal vascular smooth cells

(*P < 0.05) and there was an overall anatomic difference

between the proximally derived cells versus those from the

more distal anatomic region of the vasculature (**P < 0.01).

Twik-2�/� pulmonary artery smooth muscle
cells (PASMCS) demonstrated increased
intracellular calcium levels compared to WT
PASMCS

Using Fura-2, we measured intracellular calcium levels in

PASMCs isolated from Twik-2�/� and WT RM-PA and a

distal intralobar branch (Fig. 2A). Distal intralobar

PASMCs from Twik-2�/� mice demonstrated an increased

resting (i.e. basal) fura-2 fluorescence ratio compared to

WT distal PASMCs and were overall higher than both

WT and Twik-2 PASMCs derived from the proximal

region of the vasculature (Fig. 2B), suggesting an increase

in resting [Ca2+]i. Similar to our observations in the elec-

trical properties of these PASMCs (Fig. 1), the anatomic

and genotype origin of the pulmonary vascular cells

affected baseline intracellular Ca2+. Twik-2�/� distal

intralobar PASMCs demonstrated higher levels of intracel-

lular calcium and a more depolarized resting Vm com-

pared to proximally derived PASMCs and WT PASMCs.

Figure 1. Resting membrane potential of freshly dispersed

PASMCs. PASMCs digested and dispersed from right main (RM-PA;

proximal) vessel location and intralobar (D-PA; distal) vessel location

from both wildtype and Twik-2�/� mice. (P* < 0.05 between distal

Twik-2�/� and distal WT cells; P** < 0.01 between proximal and

distal PASMCs.) n = 5 animals per genotype.

Figure 2. Baseline F340/380 ratio of cultured PASMCs from right

main (proximal) vessel location and intralobar (distal) vessel location

from both wildtype and TWIK-2 �/� mice. (P** < 0.01 between all

distal and proximal cells, P* < 0.05 between distal WT and distal

Twik-2�/� PASMCs.) n = 5 animals per genotype, 12–15 cells per

animal, per location. Overall anatomic variation between {Ca2+}

approached statistical significance (P = 0.06).
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The ratio in distal intralobar PASMCs was increased in

the knockout mice compared to the wildtype but this

increase did not achieve statistical significance.

Twik-2�/� mice right main pulmonary artery
(RM-PA) did not show altered vasoreactivity
to phenylephrine compared to WT RM-PA
when exposed to systemic arterial
conditions

With increasing amounts of pressure, the RM-PA vessels

continued to dilate without any decrease in diameter

indicative of the absence myogenic tone in the main pul-

monary vessels (Fig. 3A). Once equilibrated at 10 mmHg,

and phenylephrine was added at increasing dose, the mea-

sured vessel diameters between WT and Twik-2�/� RM-

PAs did not demonstrate any differences in vasoreactivity

in physiologic conditions of the postcapillary pulmonary

vascular bed, which is the same as arterial/systemic oxy-

genated conditions (Fig. 3B).

Twik-2�/� mice right main pulmonary artery
(RM-PA) showed increased vasoreactivity to
phenylephrine when exposed to physiologic
venous conditions of the pulmonary artery
compared to WT RM-PA exposed to the
same physiologic conditions

We then compared vasoreactivity in Twik-2�/� and WT

RM-PA vessels in physiologic conditions mimicking the pul-

monary artery (venous or precapillary conditions) by adjust-

ing pH and pO2 (mean pH 7.31 and mean pO2 45 mmHg).

By replicating the low oxygen tension milieu of the pul-

monary vascular bed, differences in vasoreactivity between

the Twik-2�/� and WT vessels that were not evident in sys-

temic (arterial) conditions became apparent (Fig. 4A). Like

the arterial conditions, resting tone did not develop in

venous conditions (data not shown.) Figure 4B shows the

combined data of vessel reactivity from the RM-PA in both

systemic and pulmonary arterial physiologic buffer condi-

tions. After observing the variation in vasoreactivity of RM-

PA between systemic (arterial) and physiologic (venous)

conditions, we determined the EC50 of the phenylephrine

titration curves from RM-PA vessels in physiologic buffer

conditions. Figure 4C shows that Twik-2�/� RM-PA vessels

in venous conditions had a significantly lowed EC50 value

compared to the WT values (P = 0.02), indicating an

increased sensitivity to PE in the RM-PA even though there

was no change in vasocontractility at the highest doses.

Distal pulmonary arteries (D-PA) have
altered vasoreactivity compared to the
proximal right main pulmonary artery (RM-
PA) in physiologic venous conditions

Figure 5A shows the phenylephrine titration curve of the D-

PA in physiologic (venous) buffer with heightened contrac-

tility in Twik-2�/� D-PA compared to WT D-PA to

phenylephrine than was previously seen in the proximal vas-

culature. The Twik-2�/� D-PA vessels appear slower to react

to the PE but EC50 to phenylephrine between the WT and

Twik-2�/� D-PA were not significantly different (Fig. 5B).

Similar to what was observed in proximal vessels, D-PA ves-

sels do not develop myogenic tone. (data not shown)

Twik-2�/� D-PA showed increased
vasoreactivity to rho-kinase activation with
U46619

We then measured D-PA vasocontractile responses to the

vasoconstrictor U46619. U46619 is a potent vasoconstrictor

Figure 3. RM-PA from Twik-2�/� and WT mice on different

backgrounds in arterial (systemic)buffer. (A) Measurement of vessel

diameter with increasing pressures evaluating for myogenic tone,

which was not present. (B) Dose titration response curve to

phenylephrine n = 5–6 animals per group.
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like phenylephrine, but differs in its mode of action

through its binding thromboxane A2 G-protein receptor.

We tested the D-PA responses a under physiologic (ve-

nous) conditions. Figure 6 demonstrates the U46619

titration curve of the Twik-2�/� D-PA is hypercontractile

compared to the WT D-PA vessels. Based on the vessel

responses to both vasoconstrictors (PE and U46619) the

Twik-2 D-PA vessel are more hypercontractile based on

anatomic region as well as genotype, regardless of the class

of vasoconstrictor.

Discussion

In this series of studies, we demonstrate the following: (1)

Twik-2�/� mice have enhanced vasocontractility in the

distal pulmonary vasculature; (2) this hypercontractility is

part due increased depolarization in the PASMCs of mice

resistance vessels relative to the conduit vessels of the

proximal pulmonary vasculature, as well as parallel

increased PASMC cytosolic Ca2+ concentration in the

PASMCs from resistance vessels; (3) application of physi-

ologic venous conditions in pulmonary pressurized vessel

studies ensures accurate vasoreactivity measurements that

are not revealed in the standard arterial conditions that

Figure 4. RM-PA from Twik-2�/� and WT mice in PA(venous)

conditions buffer. (A) Phenylephrine dose titration curve showing

increased vasoreactivity in the TWIK-2�/�. (B) Combined

phenylephrine dose titration curve of the RM-PA in venous and

arterial conditions. (Fig 3A and 4A) (C) EC 50 for RM-PA in PA

conditions (venous.)

Figure 5. Distal-PA >from Twik-2�/� and WT mice in PA

conditions (venous) buffer. (A) Phenylephrine dose titration curve

showing altered vasoreactivity in the TWIK-2 KO (*P < 0.05),

particularly at the higher concentrations of phenylephrine, and

overall effect (***P < 0.001). (B) EC50 for WT and Twik-2�/� D-PA

vessels in response to phenylephrine. n = 5–6 animals per group.
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have been previously reported but do not mimic the pul-

monary vascular milieu. These studies expand on our pre-

vious studies utilizing a genetic model of KCNK6 (Twik-

2) gene deletion. This current set of studies demonstrates

a putative cellular mechanism for the development of pul-

monary hypertension: that loss of function of Twik-2

leads to enhanced pulmonary vasoconstriction through

increased intracellular calcium levels in the distal PASMCs

and depolarization of the distal PASMCs. This hypercon-

tractile response of the distal PASMCs appears irrespec-

tive of the class of vasoconstrictor (at least PE and

thromboxane A2.) Importantly, these studies demonstrate

that hypercontractility varies along the anatomic region of

the mouse pulmonary vascular bed, and our novel ability

to perfuse and pressurize pulmonary vessels from varying

regions with simulated physiologic conditions enhances

our ability to study these functional differences based on

the anatomic microenvironment.

By isolating a whole mouse pulmonary vessel and

applying constant intraluminal pressure to replicate

in vivo conditions, these studies provide further insights

into the role that Twik-2 loss-of-function plays in pul-

monary vasoreactivity. Previously published work in pres-

surized cerebral and rat vessels (Jernigan et al. 2012;

Crossland et al. 2013; Durgan et al. 2015; Ko et al. 2010)

did not represent the physiologic venous conditions of

the pulmonary resistance vessels in the manner of these

current mouse studies were conducted. Thus these studies

reflect both the anatomic site and conditions that lead to

the vasculopathy of pulmonary hypertension. Our current

pressurized and perfused vessel model therefore expands

and enhances published techniques in a more physiologi-

cally representative manner (Jernigan et al. 2004, 2006,

2012; Broughton et al. 2008, 2010; Fike et al. 2012; Yang

et al. 2012; Norton et al. 2013; Artem’eva et al. 2015;

Kitagawa et al. 2017) Our previous study on another K2P

channel,Task-1 demonstrated that the loss of function of

this particular K2P channel did not appear to exert any

effect on the development of pulmonary hypertension in

the same way Twik-2 dysfunction contributed to pul-

monary vasocontractility (Kitagawa et al. 2017).This study

builds on our previous work and convincingly shows that

Twik-2 loss-of-function exerts its affects preferentially in

the distal vasculature. The current set of studies also

poses the rationale for future studies in pulmonary hyper-

tension to preferentially utilize the distal pulmonary vas-

culature. These data in a mouse model of pulmonary

hypertension reveal that anatomic heterogeneity confers

functional differences across the pulmonary vasculature in

terms of electrophysiologic and vasocontractile properties.

This variation in responses to vasoconstrictors between

different anatomic niches in the mouse pulmonary vascu-

lature suggest that further studies are needed to delineate

how K2P channels are distributed across the pulmonary

vascular anatomy and how these channels are involved in

intracellular processes that regulate PASMC contraction

across the microvasculature. As many intracellular vaso-

constrictor pathways are activated by agonists such as

rho-kinase and endothelin-1 that signal through G-pro-

tein receptors, it is important to further characterize what

is known about the interaction between K2P channels and

G-protein receptor signaling (Mathie 2007; Barman et al.

2007). Chronic downregulation or inactivation of the

background K2P channels (such as Twik-2) could be a

depolarizing trigger leading to enhanced vascular smooth

muscle cell G-protein receptor signaling and pulmonary

hypertension. The Twik-2 channel’s role in determining

PASMC contractility requires more clarification but these

studies suggest that enhancement of Twik-2 activity could

be a potential target of future therapies in treating pul-

monary hypertensive disease. These studies reveal the

variability between the anatomic regions of the pul-

monary vasculature, particularly in that the distal vascula-

ture has enhanced vasoreactivity relative to the proximal

portion of the vascular bed, an observation which sup-

ports the distal arteriopathy that defines pulmonary

hypertension.
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Figure 6. D-PA from Twik-2�/� and WT mice in PA conditions

(venous) buffer. A U46619 dose titration curve showing altered

vasoreactivity in the Twik-2�/� D-PA (P < 0.05), particularly at the

higher concentrations of U46619. n = 5 animals per group.
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