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Inwardly rectifying K+ channels are major contributors to
flow-induced vasodilatation in resistance arteries

Sang Joon Ahn1, Ibra S. Fancher1,2, Jing-Tan Bian2, Chong Xu Zhang1, Sarah Schwab2, Robert Gaffin3,
Shane A. Phillips2 and Irena Levitan1

1Department of Medicine, Division of Pulmonary, Critical Care, Sleep and Allergy, University of Illinois at Chicago, Chicago, IL, USA
2Department of Physical Therapy, University of Illinois at Chicago, Chicago, IL, USA
3Department of Physiology, Physiology Core Lab, University of Illinois at Chicago, Chicago, IL, USA

Key points

� Endothelial inwardly rectifying K+ (Kir2.1) channels regulate flow-induced vasodilatation via
nitric oxide (NO) in mouse mesenteric resistance arteries.

� Deficiency of Kir2.1 channels results in elevated blood pressure and increased vascular
resistance.

� Flow-induced vasodilatation in human resistance arteries is also regulated by inwardly
rectifying K+ channels.

� This study presents the first direct evidence that Kir channels play a critical role in physiological
endothelial responses to flow.

Abstract Inwardly rectifying K+ (Kir) channels are known to be sensitive to flow, but their
role in flow-induced endothelial responses is not known. The goal of this study is to establish
the role of Kir channels in flow-induced vasodilatation and to provide first insights into the
mechanisms responsible for Kir signalling in this process. First, we establish that primary
endothelial cells isolated from murine mesenteric arteries express functional Kir2.1 channels
sensitive to shear stress. Then, using the Kir2.1+/− heterozygous mouse model, we establish
that downregulation of Kir2.1 results in significant decrease in shear-activated Kir currents and
inhibition of endothelium-dependent flow-induced vasodilatation (FIV) assayed in pressurized
mesenteric arteries pre-constricted with endothelin-1. Deficiency in Kir2.1 also results in the loss
of flow-induced phosphorylation of eNOS and Akt, as well as inhibition of NO generation. All the
effects are fully rescued by endothelial cell (EC)-specific overexpression of Kir2.1. A component
of FIV that is Kir independent is abrogated by blocking Ca2+-sensitive K+ channels. Kir2.1
has no effect on endothelium-independent and K+-induced vasodilatation in denuded arteries.
Kir2.1+/− mice also show increased mean blood pressure measured by carotid artery cannulation
and increased microvascular resistance measured using a tail-cuff. Importantly, blocking Kir
channels also inhibits flow-induced vasodilatation in human subcutaneous adipose microvessels.
Endothelial Kir channels contribute to FIV of mouse mesenteric arteries via an NO-dependent
mechanism, whereas Ca2+-sensitive K+ channels mediate FIV via an NO-independent pathway.
Kir2 channels also regulate vascular resistance and blood pressure. Finally, Kir channels also
contribute to FIV in human subcutaneous microvessels.
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Introduction

Inwardly rectifying K+ channels (Kir) are a major type of
K+ channel that are ubiquitously expressed in a variety
of cell types (Kubo et al. 2005; Hibino et al. 2010). End-
othelial Kir channels drew significant attention after it
was discovered that these channels are sensitive to fluid
shear stress, a major factor regulating endothelial function
(Olesen et al. 1988; Davies et al. 2005). However, little is
known about the physiological role of Kir channels in
flow-induced endothelial responses.

A hallmark of endothelial response to flow is
flow-induced vasodilatation (FIV), which is one of
the essential physiological mechanisms for the control
of blood flow to the microcirculation. One of the
major mechanisms contributing to FIV is the generation
of endothelial-derived hyperpolarizing factor (EDHF),
which may be generated by endothelial K+ channels
(Luksha et al. 2009). Vascular endothelial cells (ECs)
express two major classes of K+ channel; Kir channels
characterized by inward rectification and sensitivity to
fluid shear stress (Olesen et al. 1988; Nilius & Droogmans,
2001; Fang et al. 2005) and Ca2+-activated K+ (KCa)
channels that are sensitive to the level of intracellular Ca2+
(Wulff & Köhler, 2013). Earlier studies established that
genetic deficiency of KCa channels significantly impairs
endothelium-dependent vasodilatation (Taylor et al. 2003;
Si et al. 2006). Moreover, it was further shown that
among different subtypes of KCa, small-conductance
KCa (SK) channels mainly contribute to FIV (Brahler
et al. 2009). However, a lack of an appropriate genetic
model for Kir channels constituted until recently a major
constraint for determining the role of Kir channels
in this process. A recent study by Sonkusare et al.
(2016) demonstrated that endothelial-specific loss of
Kir2.1 channels results in the loss of Kir currents in
mesenteric ECs and a significant reduction in vaso-
dilatation by muscarinic receptor activation. Our study
focuses on the role of Kir channels in flow-induced
vasodilatation.

Structurally, Kir channels are divided into seven
subfamilies (Kir1–7) identified by distinct biophysical
properties (Kubo et al. 2005). Most types of Kir channels
are blocked by Ba2+ (Kubo et al. 2005) and in the
absence of more specific blockers, Ba2+ sensitivity has
been used in multiple studies to identify Kir channels
in different cell types. Specifically, strongly rectifying,
Ba2+-sensitive Kir currents have been found in bovine,
porcine and human aortic ECs (Romanenko et al. 2002;
Fang et al. 2005), and in rat microvascular cerebral and
mesenteric ECs (Crane et al. 2003; Millar et al. 2008)
and hamster cremaster arterial ECs (Jackson, 2005) but
not in rabbit or mouse aortic endothelium (Rusko et al.
1992; Ledoux et al. 2008). Biophysical characterization
of these currents indicated that they are underlain by

Kir2 channels, a subfamily of Kir, characterized by strong
inward rectification. Further, in human aortic ECs Kir
current is underlain by Kir2.1 and Kir2.2 (Fang et al. 2005)
and Kir2.1 channels were shown to be expressed in micro-
vascular ECs (Eschke et al. 2002; Yang et al. 2003; Jackson,
2005).

In this study, we took advantage of a heterozygous
Kir2.1+/− mouse model and human blood vessel model
to test the hypothesis that the functional expression
of Kir2.1 channels in the vascular endothelium is
critical for FIV in the microcirculation. We also further
sought to (1) determine if Kir channels and nitric
oxide generation during flow are linked in mesenteric
resistance arteries and (2) explore the relationship between
Kir and SK channels in FIV of murine and human
resistance arteries. These data provide novel insights on
the role of Kir channels in human and murine vascular
reactivity.

Methods

Ethical approval

The University of Illinois Animal Care Committee
(ACC) approved ethical issues for all animal experiments
(ACC#13-209). All mice were housed under pathogen-free
conditions at the University of Illinois Animal Care
Vivarium, which is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care
International (AAALAC International) and adheres to
the standards of the Animal Welfare Act, the Public
Health Service Policy, and the NIH Guide for the Care
and Use of Laboratory Animals. We treated all mice
humanely in accordance with institutional guidelines, and
performed all animal experiments based on the Guide
for the Care and Use of Laboratory Animals. We took
all steps to minimize the animals’ pain and suffering.
All animals were purchased from Jackson Laboratory.
All experimental animals were killed before the tissue
extraction using 30% CO2 followed by cervical dislocation.
All experimental mice were anaesthetized with the iso-
flurane inhalation (3.5% isoflurane in 96.5% oxygen)
during the experiments (echocardiogram, 15 min; tail-cuff
blood pressure measurement, 20 min; carotid artery blood
pressure measurement, 30 min). All mice were located
on a heating pad to maintain their temperature at 37°C
when they were anaesthetized. We conformed to the
principles and standards for reporting animal experiments
in The Journal of Physiology and Experimental Physio-
logy (Grundy, 2015). The study protocol and procedures
were approved by the University of Illinois at Chicago
Institutional Review Board (IRB 2007-0867, 2010-1010).
IRB approved the human experimental procedures
based on the Declaration of Helsinki and good clinical
practice.
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Reagents and antibodies

BaCl2, apamin, Nω-nitro-L-arginine methyl ester hydro-
chloride (L-NAME), acetylcholine, sodium nitroprusside
(SNP), endothelin-1 (ET-1), ouabain, papaverine hydro-
chloride, and mouse monoclonal anti-αSMA anti-
bodies were obtained from Sigma-Aldrich (St Louis,
MO, US). Rabbit monoclonal antibodies for mouse
inwardly rectifying K+ channel 2.1 (Kir2.1) were obtained
from Abcam (Cambridge, MA, US). Rabbit polyclonal
anti-mouse GAPDH, rabbit polyclonal anti-Akt1, rabbit
polyclonal anti-pAkt1, rabbit polyclonal anti-peNOS anti-
bodies were purchased from Cell Signalling Technology
(Danvers, MA, US) and rabbit polyclonal anti-eNOS anti-
bodies were purchased from Santa Cruz Biotechnology
(Paso Robles, CA, US). Rabbit polyclonal anti-mouse
vWF antibodies were purchased from Dako (Canada),
and rat polyclonal anti-mouse CD31 antibodies were
purchased from Beckton Dickinson (Franklin Lakes, NJ,
US). Prime Time qPCR predesigned primers for mouse
Kir2.1, 2.2, 2.3, CD31, αSMA and GAPDH were purchased
from IDT (Coralville, IA, US). pcDNA3-Kir2.1-HA was a
gift from Dr Carol Vandenberg (University of California,
Santa Barbara). Adenoviral vector expressing Kir2.1-HA
with VE-Cadherin EC-specific promoter was generated
by Vector BioLabs (Malvern, PA, US). Cells or vessels were
transfected with VE-Cad Kir2.1 vector with 100 MOI for
48 h.

Isolation of mesenteric arteries

Mice were killed using CO2 followed by cervical
dislocation. The abdominal skin and muscle membrane
were opened sufficiently widely to retain a view of the
whole of the mesentery. All mesenteric tissues and part
of the pancreatic tissues were taken out by cutting the
edge of mesenteric fat tissues to the intestine. Mesenteric
tissues were transferred to Hepes buffer for the careful
dissection of isolated arteries. Connective tissue and fat
surrounding each blood vessels was carefully removed and
the tissues were rinsed to remove any remaining blood
cells.

Endothelial cell isolation and immunostaining

Endothelial cell isolation. Six mesenteric arteriole beds
were taken from WT and Kir2.1+/− mice, respectively.
Arteriole beds were washed in Ca2+- and Mg2+- free PBS
and transferred to 1 ml of collagenase/dispase digestion
solution (100 mg ml−1) (Roche, Burgess Hill, UK). Using
sharp tip scissors, arteriolar branches were broken into
small pieces. The tubes were incubated in 37°C shaking
incubator for 1 h. Digested tissues and cells were spun
down in 300 g for 10 min. Supernatants were removed
carefully and 1 ml of 0.025% trypsin-EDTA was added

to the tubes. The tubes were incubated in 37°C shaking
incubator for 15 min. The solution was gently mixed
with 1000p pipette, and sieved through 40-μm cell-sieve.
The cell-sieves were washed with 10 ml of DMEM, 10%
FBS to neutralize the trypsin effect. Cells were spun
down in 300 g for 10 min and then isolated using Auto-
MACs system and/or MiniMACs system from Miltenyi
Biotech (Bisley, UK) with magnetic beads conjugated
polyclonal anti-mouse PECAM 1 IgG (Miltenyi Biotech).
As recommended by the company protocol (Miltenyi
Biotec) to increase the purity of the EC population, we
used a two-step separation method, in which the cell
suspension mixed with the magnetic CD31 beads is run
sequentially through two magnetic columns. Purity of the
isolated ECs was tested with flow cytometry by staining
with monoclonal anti-mouse CD31-PE IgG and with
immunofluorescence staining with anti-mouse vWF and
PECAM 1 IgGs. Flow cytometry was performed using
CyAn ADP (Beckman Coulter). After the isolation, cells
were maintained in EGM-2 endothelial cell growth media
(Lonza, Cambridge, UK). Cells for experiments were used
between passage numbers 5 and10.

Immunostaining. Briefly, cells were fixed with 4%
paraformaldehyde for 15 min, permeablized with 0.5%
Triton-X100 in PBS for 5 min and then incubated
with the primary antibodies (rat anti-mouse PECAM
1 IgG, mouse anti-αSMA IgG and rabbit anti-mouse
vWF IgG) at 4°C overnight followed by incubation
with secondary antibodies (Alexafluor 488 anti-rat
IgG, Alexafluor 555 anti-mouse IgG and Alexafluor
568 anti-rabbit IgG, Invitrogen) for 2 h at room
temperature. Fluorescence images were taken through a
Zeiss Axiovert 200M microscope with an AxioCam MRm
camera.

PCR and Western blot analysis

qPCR. To measure the mRNA expression of PECAM1
(CD31), smooth muscle α-actin (αSMA), Kir2.1, 2.2 and
2.3 in isolated mouse endothelial cells, quantitative PCR
was performed. Briefly, endothelial cell RNA from WT
and Kir2.1+/− mouse arteries was extracted using the
RNeasy mini kit (Qiagen) according to the manufacturer’s
instructions, including an on-column DNase treatment
step. The quantity and quality of extracted RNA were
measured using Nanodrop (Thermo Fisher). cDNAs were
generated with random primers using a High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems).
Quantitative PCR was performed with Universal SYBR
green Supermix (Biorad). Each sample was triplicated for
analysis and at least three different sets of cells were tested.
After initial denaturation at 95°C, 40 cycles of 95°C for
30 s and annealing temperature of 60°C for 30 s were
performed, using the Viia 7 real-time PCR system (Applied
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Biosystems). Acquired fluorescence data were analysed
using 2−��Ct methods, normalized by GAPDH.

Western blot. Cells were rinsed with ice-cold PBS (pH
7.4) and homogenized in ice-cold RIPA buffer (50 mM

Tris–HCl, 150 mM NaCl, 1% NP-40, 0.5% Na-Doc
(sodium deoxycholate), 0.1% SDS, 1 mM EDTA, at pH
7.6) containing 2 mM phenylmethylsulfonyl fluoride with
protease inhibitor tablets (Roche). Samples were boiled in
SDS sample buffer. Samples were resolved by SDS–PAGE
(10% acrylamide gel) and transferred onto a PVDF
membrane. The transferred blots were blocked with 4%
non-fat milk and then incubated for overnight with
primary antibody. After washing, the blots were incubated
with peroxidase-conjugated secondary antibodies for 2 h
and developed using the ECL detection system (Thermo
Scientific).

Exposure to shear stress. ECs were exposed to laminar
flow using a cone and plate apparatus system described
previously (Dai et al. 2004; Wu et al. 2015). Briefly, a
flow device consisting of a computerized stepper motor
UMD-17 (Arcus Technology) and a 1 deg tapered stainless
steel cone. The flow devices were placed in a 37°C
incubator with 5% CO2. Aliquots of 1 × 106 ECs from
WT and Kir2.1+/− mice were seeded in a gelatin (0.2%)
coated well of a 6-well plate and cultured at 37°C for 72 h.
Shear stress (20 dyn cm−2) was applied for 30 min. Cells
were lysed immediately after shear exposure on ice using
RIPA buffer with protease and phosphatase inhibitors.

Electrophysiology

Inwardly rectifying currents were recorded from WT
and Kir2.1+/− freshly isolated and low-passage cultured
endothelial cells using the whole-cell patch clamp
configuration. Pipettes were pulled (SG10 glass, 1.20 mm
ID, 1.60 mm; Richland Glass, Richland, NJ, USA) to give
a final resistance of 2–4 M�. Currents were recorded
using an EPC10 amplifier (HEKA Electronik, Lambrecht,
Germany) and accompanying acquisition and analysis
software (Pulse & PulseFit, HEKA Electronik). Pipette and
whole-cell capacitances were automatically compensated.
Currents were low pass filtered at 2 kHz and recordings
were digitized at 20 kHz. Traces were accepted for offline
analysis if whole-cell membrane resistance was at least
500 M� and access resistance was between 5 and 10 M�

throughout the experiment.

Solutions and voltage protocol for low-passage EC
recordings. The following solutions for whole-cell
electrophysiology of primary cultured ECs were used
(Millar et al. 2008): the external solution contained (in
mM): 140 KCl, 5 NaCl, 1.0 MgCl2, 1.0 CaCl2, 10 Hepes,

5 glucose, 20 mannitol, at pH 7.4 (pH adjusted with
NaOH), and was perfused at a rate of 1–2 ml min−1

using a flow-regulated gravity delivery system. The pipette
solution contained (mM): 135 KCl, 1.0 MgCl2, 5.0 glucose,
10 Hepes, 5.0 EGTA, at pH 7.2 (pH adjusted with KOH).
The external and bath solutions were such that EK was
slightly positive (<1 mV) in order to maximize inward
K+ currents. Currents were elicited with 1 s linear voltage
ramps from −140 to +20 mV at an interpulse interval of
5 s from a holding potential of −60 mV.

Preparing freshly isolated ECs for electrophysiological
recordings. Mesenteric adipose tissues from WT or
Kir2.1+/− mice were dissected and arteries cleaned of
fat before storing in ice-cold Hepes. Seven to ten 1st
order arteries were cut into two or three pieces and
digested as previously reported (Sonkusare et al. 2016).
Briefly, arteries were enzymatically digested in dissociation
solution (in mM: 55 NaCl2, 5.6 KCl, 2 MgCl2, 80
sodium glutamate, 10 Hepes, and 10 glucose, at pH 7.3)
containing 0.5 mg ml−1 each of neutral protease and
elastase (Worthington) for 1 h at 370 C. For the final
2 min, 0.5 mg ml−1 Type I collagenase (Worthington)
was added before mechanical dissociation to liberate 1st
order mesenteric artery endothelial cells.

Electrophysiological recordings of freshly isolated ECs
under shear stress. Shear stress was applied to the freshly
isolated cells using the minimally invasive flow (MIF)
device designed to allow electrophysiological recordings
to be made under well-defined shear stress (Levitan et al.
2000). Briefly, a large aliquot of cell suspension was
allowed to adhere to the patch chamber before assembly.
Upon whole-cell access, several currents were recorded
in a static bath until a stable baseline was achieved.
Application of shear stress was implemented by gravity
perfusion to induce shear-activated inward K+ currents.
Shear stress (τ; 0.74 dyn cm−2) was calculated using the
equation τ = 6μQ̇ h2w where μ is the fluid viscosity
(0.009 g cm−1 s−1), Q̇ is the flow rate (0.3 ml s−1 applied
by gravity perfusion), h is the height (0.1 cm) of the
MIF chamber, and w is the width (2.2 cm) of the MIF
chamber. Figure 2C is a picture of the MIF device with a
pipette electrode entering one of three 2 mm slits which
provide access to endothelial cells for whole-cell patch
clamp experiments. For these experiments, as described
previously (Sonkusare et al. 2016), freshly isolated end-
othelial cells were held at −30 mV and a voltage ramp of
−140 to +40 mV was administered after correction of the
junction potential. The bath contained (in mM): 10 Hepes,
80 NaCl, 60 KCl, 1 MgCl2, 2 CaCl2, 10 glucose, at pH 7.4.
The pipette solution contained (in mM): 10 Hepes, 30 KCl,
10 NaCl, 110 potassium aspartate, 1 MgCl2, at pH 7.2.
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Vasodilatation measurement in mouse mesenteric
arteries

Vasodilatation of mouse mesenteric arteries was measured
as described in our previous studies (Miura et al. 2001a;
Phillips et al. 2007; Liu et al. 2011; Goslawski et al. 2013).
Briefly, resistance arteries (between 75 and 150 μm) from
mesenteric arteriole beds were isolated and cannulated
in an organ chamber with glass micropipettes filled with
Krebs solution (pH 7.40). The tips of the cannulating
pipettes were always arranged with smaller pipettes
upstream and larger pipettes downstream. The average
tip size of cannulation arteries was 20.1 ± 0.4 μm at the
upstream end and 23.6 ± 0.4 μm at the downstream end.
Both ends of the vessel were secured, and the vessel was
maintained at an intraluminal pressure of 60 cmH2O by
elevating two Krebs-containing reservoirs 60 cm above
the organ chamber. The reservoirs and the vessel lumen
generate an open circuit (see schematic presentation of
the circuit in Fig. 4, inset). Vessels are equilibrated in this
way for 30 min. After the 30-min equilibration period,
vessels were constricted (up to 50% of baseline diameter)
with endothelin (ET-1) (120–160 pM final concentration),
and flow-induced vasodilatation (FIV) was determined by
exposing the vessels to incremental pressure gradients of
�10, �20, �40, �60 and �100 cmH2O. The rationale for
using ET-1 rather than intraluminal pressure is the design
of our preparation which generates intraluminal flow by
gravity (the reservoirs are moved in equal and opposite
directions), we found that pre-constriction with ET-1
provides an alternative and more convenient approach,
as described in our previous studies (Phillips et al. 2007).
Several criteria were used to select functional vessels, as
described in previous studies (Miura et al. 2001b; Grizelj
et al. 2015): (i) all vessels were pre-constricted with a low
dose of ET-1 (120 pM) and only the vessels that developed
40–60% constriction from the baseline were accepted for
an experiment; (ii) at the end of each experiment all
vessels were tested with papaverine to induce at least
90% dilatation; (iii) vessels with leaks in the wall of
the vessel were discarded; (iv) all vessels had a clear
segment without branches for measurement. As expected,
no difference was observed between WT and Kir2.1+/−
arteries (pre-constricted by 49 ± 0.6% vs. 49 ± 0.3%,
respectively, n = 9), because ET-1-induced constriction
is mediated by the G-protein coupled receptor and
the downstream signalling is unrelated to Kir channels.
Intraluminal pressure was maintained at 60 cmH2O by
changing the distance between the reservoirs in equal and
opposite directions (e.g. to induce intraluminal flow of
�10 cmH2O, one reservoir is elevated to 65 cmH2O while
the other is lowered simultaneously to 55 cmH2O), as
described previously (Liu et al. 2003; Goslawski et al. 2013;
Grizelj et al. 2015). FIV was determined in the presence and
absence of external perfusion of BaCl2 (30 and/or 300 μM),

L-NAME (100 μM), apamin (20 nM), and a combination
of BaCl2 and L-NAME, BaCl2 and apamin, and apamin
and L-NAME. All inhibitors and blockers were incubated
with the arteries for 30 min before the application of
flow. Papaverine (100 μM) was added during exposure
at the maximal flow (�100 cmH2O) to test maximal
endothelium-independent dilatation. Resistance arteries
were monitored continuously, and internal diameters were
measured at the maximal diameter after each pressure
gradient applied. EC function was tested by performing a
dose–response relationship for ACh after the completion
of the flow protocol. Preparations were visualized with
video cameras and monitors (model VIA-100, Boeckeler).

Endothelium denuded arteries. Mechanical endothelium
denudation was performed by perfusing the artery with
3 ml of air, a common method, previously described
(Phillips et al. 2007). Denuded arteries were cannulated
in an organ chamber and the dose–response relationships
for acetylcholine and the nitric oxide (NO) donor sodium
nitroprusside (SNP) (109 to 104 M) were measured.
Papaverine (100 μM) was applied with the highest doses
of SNP or acetylcholine to confirm the potential of
endothelium-independent vessel relaxation.

EC-specific Kir2.1-HA adenoviral transfection.
EC-specific Kir2.1-HA adenoviral constructs were
applied intraluminally for 48 h at 37°C. Then, following
pressurization of vessels, FIV was measured with and
without BaCl2 (30 μM).

Dominant negative (dn) Kir2.1 lentiviral transfection.
dnKir2.1 lentiviral constructs were applied intraluminally
overnight at 37°C. Then, following pressurization of
vessels, FIV was measured with and without BaCl2
(300 μM).

NO measurements

Resistance arteries (between 75 and 150 μM) from
mesenteric circulation were isolated and incubated with
NO specific fluorescence dye (diaminorhodamine-4M,
DAR4M; Enzo Scientific, Exeter, UK) in Hepes at room
temperature for 2 h in the dark. The arteries were
cannulated in an organ chamber and incubated for
30 min with or without a pressure gradient of 60 cmH2O
in the dark. Arteries were removed from the chamber
and mounted on glass slides for image acquisition by
fluorescence microscopy (Nikon eclipse 80i). The NO
fluorescent product was excited by a 650 nm wavelength
light with an emission spectrum of 670 nm. Acquired
images were analysed for fluorescence intensity while
correcting for background auto fluorescence using NIH
image software (NIH Image J).

C© 2016 University of Illinois at Chicago. The Journal of Physiology C© 2016 The Physiological Society
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Blood pressure measurement and vascular resistance
measurement

Blood pressure from WT and Kir2.1+/− mice was
measured from carotid arteries. Briefly, mice were
anaesthetized with 3.5% isoflurane in 96.5% oxygen
and carotid arteries were exteriorized for cannulation
with polyethylene tubing with a continuous blood
pressure monitor, as described previously (Parasuraman
& Raveendran, 2012). In separate experiments blood
flow rates and blood pressure were measured by
volume–pressure recording with occlusion tail-cuff,
as described in (Sharma et al. 2011). The tail-cuff
measurements were also done in anaesthetized mice. Peri-
pheral vascular resistance is defined as the ratio of mean
blood pressure (mmHg) to blood flow rate (μl min−1)
(Rindler et al. 2011).

Echocardiogram

Wild-type mice and Kir2.1+/− mice aged 3–5 months were
used for the experiments. Transthoracic echocardiography
was conducted using a 40 MHz transducer (MS550D)
on VisualSonics’ Vevo 2100 ultrasound machine
(VisualSonics, Toronto, Canada). Mice were sedated in
an induction chamber using 3.5% isoflurane and then
placed in the supine position on a heated stage. The heated
stage maintained body temperature at 37°C, measured the
electrocardiogram via embedded electrodes and recorded
the respiration waveform via impedance pneumography.
The anaesthetic plane of the mice was maintained using
1.5% isoflurane in 98.5% oxygen delivered via a nosecone.
After the mice were depilated, B-mode and M-mode
images from the parasternal short axis view were obtained
using the integrated rail system. All cardiac parameters
were calculated using VisualSonics’ Vevo 2100 analysis
software (v. 1.6) with a cardiac measurements package
(Pistner et al. 2010).

Vasodilatation measurement of human subcutaneous
arteries

All participants were between 26 and 48 years old.
Volunteers were excluded if they had diabetes mellitus,
cancer, heart disease, a history of smoking, kidney or
liver disease, gallbladder disease, autoimmune or other
inflammatory disease. After written informed consent was
obtained, biopsy samples of subcutaneous adipose were
collected from during bariatric surgery at the University
of Illinois Hospital and Health Sciences Center. Sub-
cutaneous adipose tissue was obtained from the lower
abdominal wall. Biopsies were placed in cold (4°C) Hepes
buffer solution. Arteries were cleaned of fat and connective
tissue and prepared for continuous measurement of inter-
nal luminal diameter as previously described (Grizelj et al.

2015). The internal luminal diameter of each arteriole
was initially measured after 30 min of stabilization at
60 cmH2O and following administration of endothelin-1
(ET-1; 100–200 pM) to constrict microvessels to 30–50%
of their internal luminal diameter. The diameter of human
arteries was 112 ± 20 μm. Pipettes were prepared exactly
the same way as for mouse arteries (average tip size
19.1 ± 0.2 μm at the upstream end and 22 ± 0.3 μm at the
downstream end). Flow was produced by simultaneously
changing the heights of the reservoirs in equal and
opposite directions to generate a pressure gradient of
�10–�100 cmH2O with and without with or without
external perfusion of BaCl2 (300 μM), apamin (20 nM),
or both drugs. At the end of each experiment, maximal
dilatation was determined in the presence of papaverine
(10−4 M). Shear stress was calculated from the flow rate
in the vessel lumen and the diameter of the vessels
using the equation (Schmid-Schönbein & Granger, 2003):
τ = 4(μQ̇ )/(πr3) where μ is viscosity, Q̇ is volumetric flow
rate, and r is internal radius of the vessel. The volumetric
flow rate was measured as the volume of the flow-through
at different pressures (�40, �60 and �100 cmH2O).
Vessel diameter was measured in all experiments. The
shear stress range was 9–28 dyn cm−2 for the pressure
gradients of �40-100 cmH2O.

Statistics

Data are presented as means ± SEM unless otherwise
stated. The calculations for percentage vasodilatation were
performed as described previously (Goslawski et al. 2013).
A two-factor ANOVA with or without repeated measures
was used where appropriate to compare FIV-generated
curves. A Bonferroni post hoc analysis revealed significant
differences. Linear regression analysis was used to
compare the slopes of Ba2+-sensitive, current–voltage
relationships. When appropriate, Kruskal-Wallis rank
tests were performed on group data which had uneven
distributions. For all other comparisons, a Student’s t test
was performed. Statistical significance was accepted when
P < 0.05.

Results

Functional expression of Kir2.1 in murine mesenteric
ECs

The expression profile of Kir2 channels in freshly isolated
mesenteric ECs was characterized by real-time PCR for
three major subtypes of Kir2 channels, Kir2.1, 2.2 and 2.3.
The purity of the isolation was first verified by flow cyto-
metry to identify cells positive for an endothelial marker
PECAM1 (CD31) (Fig. 1A) and then by the real-time
PCR (Fig. 1B). It was also further confirmed by immuno-
fluorescence for PECAM1, an additional endothelial

C© 2016 University of Illinois at Chicago. The Journal of Physiology C© 2016 The Physiological Society
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Figure 1. Kir2.1 functional expression in mouse mesenteric arterial endothelial cells
A, mouse mesenteric arterial endothelial cells are isolated by magnetic cell sorter (AutoMACs, Miltenyi Biotech)
with polyclonal anti-mouse platelet endothelial cell adhesion molecule 1 (PECAM1) IgG conjugated to magnetic
beads. The purity of the isolated endothelial cells is identified by flow cytometry using PE-conjugated monoclonal
anti-mouse PECAM1 IgG: a, unstained digested cells; b, PECAM1 positive cells before magnetic cell sorting; c,
PECAM1 positive cells (endothelial cells) after magnetic cell sorting (�93% purity); d, PECAM1 negative cells after
magnetic cell sorting. B, real-time PCR confirmation of isolated pure endothelial cells from the murine mesenteric
arterial bed. mRNA levels of endothelial cell marker (PECAM1, CD31) and smooth muscle cell marker smooth
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muscle α-actin (αSMA) were normalized by GAPDH (CD31+, purified endothelial cells; CD31−, residual cells; n = 4,
∗P < 0.05). C, further identification of freshly isolated microvascular endothelial cells with immunofluorescence
staining for the smooth muscle cell marker αSMA (negative control, red) and the endothelial cell marker PECAM1
(CD31, green). Another endothelial marker, von Willebrand factor (vWF, red), stained in different sets of the
experiment (scale bar = 100 μM). D, amplification plots of qPCR for Kir2.1, 2.2 and 2.3 from freshly isolated cells.
E, mRNA expression levels of Kir2.1, 2.2 and 2.3 are compared to Kir2.1 expression levels, after normalizing to
GAPDH (n = 3 experiments from 15 mice, ∗P < 0.05). F, Kir2.1 mRNA expression levels in purified endothelial cells
(CD31+) and residual cells (CD31−) (n = 4, ∗P < 0.05). G, representative whole-cell patch clamp recording of a
dose–response curve for Ba2+ (0.5, 3, 10, and 30 μM) from WT mice-derived mesenteric arterial endothelial cells.
A ramp protocol (−140 to +20 mV) and a high K+ bath (EK = +0.91 mV) were used to optimize Kir currents. The
holding potential in all experiments was −60 mV. H, inhibitory dose–response curve elicited by Ba2+ and derived
from electrophysiological recording at −100 mV. IC50 was calculated from the curve (n = 12 from 4 different
experiments). [Colour figure can be viewed at wileyonlinelibrary.com]

marker, VWF, and a smooth muscle marker, α-smooth
muscle actin (αSMA) (Fig. 1C). As expected, the end-
othelial population (CD31+) showed strong expression of
CD31 and no detectable expression of αSMA, suggesting
high purity EC isolation. In contrast, the residual
population of cells (CD31−) showed strong expression
of αSMA and low expression of CD31, as expected if
a small portion of ECs were not picked up by the iso-
lation procedure. Furthermore, and consistent with these
observations, purified ECs showed clear CD31-specific
fluorescence and no detectable αSMA fluorescence. The
dominant Kir2 channel in these cells is Kir2.1, whereas
Kir2.3 is also expressed but expression is several orders of
magnitude lower than Kir2.1. Expression of Kir2.2 was not
detected (Fig. 1D and E). The same expression profile of
Kir2 channels was maintained in low-passage endothelial
cultures. Also, consistent with previous studies (Smith
et al. 2008), strong expression of Kir2.1 was observed in
ECs but not in VSMCs isolated from mouse mesenteric
artery (Fig. 1F). Functional expression of Kir2.1 in freshly
isolated/low passage mesenteric ECs was tested electro-
physiologically. As expected, Kir currents in mesenteric
endothelium were blocked by Ba2+ with the IC50 of 4.8 μM,
similar to the Ba2+ sensitivity of Kir in aortic endothelium
(Fang et al. 2005) and typical for Kir2.1(Liu et al. 2001)
(Fig. 1G and H).

Functional expression of Kir2.1 in mesenteric ECs
was verified using a genetic Kir2.1 partial knockout
mouse model, the Kir2.1+/− heterozygous mouse. Kir2.1
expression at the mRNA level is reduced by 60–65% in
Kir2.1+/− mice in isolated mesenteric ECs (Fig. 2A). The
loss of Kir2.1 expression in Kir2.1+/− mesenteric ECs was
accompanied by a slight increase in the expression levels
of Kir2.2 and Kir2.3 channels but overall the expression of
Kir2.2 and Kir2.3 was still orders of magnitude lower than
that of Kir2.1 (Fig. 2B). Protein expression of Kir2.1 was
also reduced by 50% (Fig. 2C).

The density of Kir currents was measured in freshly
isolated ECs both under basal static conditions and in
cells exposed to shear stress. The electrophysiological
recordings were performed immediately after the isolation
on the same day. The effect of shear stress on the currents

was measured in real time using a modified parallel-plate
flow chamber, designed in our previous studies to perform
electrophysiological experiments under well-defined flow
(Fig. 3, inset; Levitan et al. 2000). Consistent with the
Kir2.1 mRNA and protein expression, basal Kir currents
recorded under static conditions are significantly reduced
in ECs isolated from Kir2.1+/− arteries (34 ± 4 pA pF−1

vs. 17 ± 5 pA pF−1 in WT and Kir2.1+/− cells respectively
(Fig. 3A–C). Shear stress of 0.7 dyn cm−2 (flow rate of
300 μl s−1) was applied after recording a stable baseline
of the currents. The same level of shear stress was used in
earlier studies (Olesen et al. 1988). Higher levels of shear
stress were too detrimental for obtaining stable electro-
physiological recordings. We show here that application
of this level of shear stress significantly increased Kir
current density in ECs isolated from the WT mesenteric
arteries (29 ± 7% increase in current density) (Fig. 3A and
B, bottom panels; Fig. 3C). A significant increase in Kir
current density is observed immediately after the initiation
of the flow, with a gradual return to baseline after the
cessation of the flow within 15–20 s. In contrast to WT,
ECs isolated from Kir2.1+/− mice showed no significant
increase at the same level of shear stress (Fig. 3A and B,
upper panels; Fig. 3C). Current traces recorded during
the flow protocol at specified time points (a, b and c)
are shown as insets to Fig. 3A. Larger scale representative
current traces recorded under static and flow conditions
are shown in Fig. 3B. Mean capacitance of the freshly iso-
lated ECs from WT and Kir2.1+/− mice were 13.4 ± 1.1 pF
and 17.4 ± 3.4 pF, respectively. The difference between WT
and Kir2.1+/− cells remains significant also in low-passage
cultured ECs. The latter observation allows us to test the
role of Kir2.1 in flow-induced signalling events in cultured
cells in vitro, as described below.

Kir2.1 is essential for flow-induced vasodilatation

FIV was measured in pressurized mesenteric arteries of
diameter 100–200 μm isolated from WT and Kir2.1+/−
mice (a circuit for generating intraluminal flow is shown
schematically in the inset of Fig. 4). Average diameter
of the vessels used in this study 131 ± 17 μm. The

C© 2016 University of Illinois at Chicago. The Journal of Physiology C© 2016 The Physiological Society
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flow rates generated in the system for �40–100 cmH2O
were 0.25 ± 0.08 μl s−1, 0.53 ± 0.23 μl s−1, and
0.81 ± 0.34 μl s−1, respectively, generating shear stress
levels of 9–28 dyn cm−2 (Fig. 4, inset right). Similar
flow rates were reported in previous studies (Liu et al.
2003) and the values of shear stress are within the range
reported for mesenteric arteries in vivo (Reneman &

Hoeks, 2008). In WT mice, FIV was inhibited by Ba2+ with
an IC50 of 7.2 μM, similar to the IC50 of Ba2+-dependent
block of the Kir currents in mesenteric endothelium
shown above (Fig. 4A–C). Downregulation of Kir2.1
expression in Kir2.1+/− mice also results in a significant
reduction of FIV (Fig. 4D–F). To validate further that
FIV inhibition in Kir2.1+/− mice can be attributed to
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Figure 2. Reduced endothelial Kir2.1 expression in Kir2.1+/− mouse mesenteric arteries
A, Kir2.1 mRNA expression in endothelial cells isolated from WT and Kir2.1+/− mesenteric arteries: a, amplification
plots of qPCR; b, relative mRNA expression normalized to GAPDH (n = 3, ∗P < 0.05). B, Kir2.1, 2.2 and 2.3 mRNA
expression levels in endothelial cells from WT and Kir2.1+/− mice (n = 3 per group, ∗P < 0.05). C, Kir2.1 protein
expression in the same cells: a, representative Western blot of Kir2.1 (53 kD); b, densitometry analysis of Kir2.1
expression normalized to GAPDH (n = 3, ∗P < 0.05).
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Figure 3. Reduction of flow-stimulated Kir current in endothelial cells of Kir2.1+/− mice
Inset, installed MIF device for electrophysiology recordings as it appears on the microscope head stage. A, time
course of flow-activated Kir current from Kir2.1+/− (upper trace) and WT (lower trace) showing current densities
before, during and after flow. The time course is representative of individual data points taken from the ramp
protocols (−100 to 0 mV) at −100 mV shown to the right of each time course. Current traces at time points
designated by lower case letters (a, b, c) are shown as insets to the panel. B, representative recording of flow
stimulated Kir currents in freshly isolated ECs from Kir2.1+/− and WT mouse mesenteric arteries. C, average Kir
current density at −100 mV in the freshly isolated ECs from WT and Kir2.1+/− mouse mesenteric arteries (WT,
n = 5 cells from 3 mice; Kir2.1+/−, n = 5 cells from 2 mice, ∗P < 0.05).

C© 2016 University of Illinois at Chicago. The Journal of Physiology C© 2016 The Physiological Society



2348 S. J. Ahn and others J Physiol 595.7

0

20

40

60

80

100

V
as

od
ila

tio
n 

(%
)

*

*

*

* WT

C

0

20

40

60

80

100

*
*

Kir2.1 +/+ +/− +/−
Ba2+ − − +

Washout

Washout

WT

− − +
Ba2+

WT+Ba2+

WT+Ba2+

− + −

D

BA

E F

0

20

40

60

80

100

D
ila

tio
n 

at
 Δ

10
0 

cm
 H

2O
 (

%
) 

D
ila

tio
n 

at
 Δ

10
0 

cm
 H

2O
 (

%
) 

D
ila

tio
n 

at
 Δ

10
0 

cm
 H

2O
 (

%
) 

0 3 10 30 3000.3
0

20

40

60

80

100

PAP

V
as

od
ila

tio
n 

(%
)

Pressure gradient (cm H2O)

Pressure gradient (cm H2O)

[Ba2+]0
[Ba2+] 0.3 μM
[Ba2+] 3 μM

[Ba2+] 10 μM

[Ba2+] 300 μM
[Ba2+] 30 μM

[Ba2+]
(μM)

40

50

60

70

80

90

100

110

120

D
ia

m
et

er
 (

 μ
m

)
D

ia
m

et
er

 (
 μ

m
)

D
ia

m
et

er
 (

 μ
m

)

ET-1

Δ10

Δ60

Δ100

+PAP

Δ40

60

80

100

120

140

160

180

WT

Kir2.1+/−

ET-1

Δ10

Δ60

Δ100

+PAP

Δ40

60 cm H O 60 cm H O

30 min Flow generated
by

pressure gradient

a

a'

b

c

*

*

Δ10

Δ10 Δ20 Δ40 Δ60 Δ100 PAP

Pressure gradient (cm H2O)
10 20 40 60 100 PAP

Δ40 Δ60 Δ100

Δ20

10 min

10 min

Vessel diameter (μm)

131.3±17.2

Pressure gradient Shear Stress ( dyns /cm2)

40 cm H2O

60 cm H2O

100 cm H2O

9±0.4

17.6±1.4

28±0.6

0

20

40

60

80

100

V
as

od
ila

tio
n 

(%
)

0

20

40

60

80

100

50

60

70

80

90

100

110

120

130

10 min

Δ10

Δ20

Δ40

Δ60

Δ100
WT

Washout

ET-1

G H I
+PAP

Kir2.1+/−+Ba2+

Kir2.1+/−+Ba2+

Kir2.1+/−

Figure 4. Role of Kir2.1 in flow-induced vasodilatation in mouse mesenteric arteries
Insets, left: schematic images of flow generation by pressure gradients in FIV. The cannulated mesenteric artery
was incubated at 60 cmH2O intraluminal pressure for 30 min. ET-1 (120 pM) was applied externally to pre-constrict
the artery before the FIV measurement. To generate the flow, one side of the reservoir is moved up a cm and
the other side of the reservoir is simultaneously moved down a′ cm from 60 cm position. The pressure gradient
between the two reservoirs is defined as [a + a′] cmH2O and is responsible for generating flow inside the
cannulated artery. Intraluminal pressure is constant and defined as (b + c)/2 cmH2O, where b = 60 + a cm and
c = 60 − a′ cm. If a and a′ are equal in magnitude and opposite in direction, (b + c) is always 120 cm, and
intraluminal pressure is thusly maintained at 60 cmH2O. During the experiment, a increased by 5, 10, 20, 30, or
50 cm, and a′ decreased in the same manner to generate the desired pressure gradients �10, �20, �40, �60, and
�100 cmH2O and ultimately intraluminal flow (inset, right). Table, right: shear stress values for pressure gradients
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(�40, �60, and �100 cmH2O) and the mean ± SEM size of arteries for experiments. A, representative FIV trace
in the absence of Ba2+ ([Ba2+]0). Vessel diameters are normalized to diameters stabilized at 60 cmH2O and the
intraluminal pressure is maintained while intraluminal flow is applied. Arteries are pre-constricted with ET-1 and
Ba2+ is perfused extravascularly. B, dose–response curve for Ba2+ performed during flow-induced dilatations of
pre-constricted mesenteric arteries harvested from WT mice (n = 5, ∗P < 0.05). D, representative FIV trace of pre-
constricted mesenteric arteries harvested from WT or Kir2.1+/− mice with and without 300 μM Ba2+. E, average
flow-induced dilatations of mesenteric arteries harvested from WT or Kir2.1+/− mice with and without 300 μM

Ba2 (n = 6 per group, ∗P < 0.05). G, representative FIV trace of pre-constricted mesenteric arteries harvested from
WT before, during and after the washout 300 μM Ba2+. H, average flow-induced dilatations of mesenteric arteries
described above (n = 4 per group). C, F and I: average dilatations at �100 cmH2O pressure gradient for the same
experimental conditions as described in B, E, and H, respectively. ET-1, endothelin-1; PAP, papaverine (added at
the end of experiments to test the vessels’ maximal dilatation).

the loss of the Kir channels, the vessels were exposed to
Ba2+, demonstrating that there is no further inhibition.
An endothelial-independent vasodilatation induced by
papaverine was unaltered by downregulation of Kir2.1
or by Ba2+. No difference, however, was observed in the
baseline artery diameters after the application of Ba2+
(166 ± 9 μm vs. 166 ± 9 μm, respectively, n = 9). In terms
of Ba2+ concentration, no significant difference in FIV
was observed for 30 μM or 300 μM Ba2+ exposures. Ba2+
had no effect in Kir2.1+/− arteries, suggesting that Kir2.1
were the only Ba2+-sensitive channels in these arteries.
Flow-induced vasodilatation was fully reproducible in
the same arteries with multiple applications, as well as
after the application and washout of Ba2+ (Fig. 4G–I).
To determine whether the effect of Kir2.1 on FIV is end-
othelium dependent, the vessels were denuded of end-
othelium and vasodilatation was tested in response to SNP,
a known NO donor. No difference was observed in smooth
muscle response to SNP between WT and Kir2.1+/− vessels
(Fig. 5A and B). Ba2+ also had no effect on SNP-induced
vasodilatation. As expected, endothelium-intact vessels
respond to ACh with dose-dependent vasodilatation but
denuded vessels have no response (Fig. 5C). A full response
of intact vessels to ACh was observed both before and
after the application of the flow. Papaverine controls were
performed in all experiments and there was no difference
between WT and Kir2.1+/− vessels.

We also tested whether Kir2.1 channels might
contribute to K+-induced vasodilatation in denuded
mesenteric arteries, as was shown previously in cerebral
and coronary arterial beds (Burns et al. 2004; Filosa
et al. 2006). As expected, elevating extracellular K+
concentration up to 20 mM resulted in significant vaso-
dilatory effect but this effect was abolished by 10 μM

ouabain, an inhibitor of Na+–K+-ATPase, and not
by Ba2+, indicating that it is not mediated by Kir
channels (Fig. 5D–F). Furthermore, no inhibition of
K+-induced vasodilatation was observed in denuded
mesenteric arteries isolated from Kir2.1+/− mice. In
contrast, K+-induced vasodilatation of denuded cerebral
arteries isolated from the same mice were inhibited by
Ba2+, as reported previously (Fig. 6). These observations
suggest that smooth muscle Kir do not contribute to

K+-induced vasodilatation of mesenteric arteries. As
was shown previously, an increase in the extracellular
K+ concentration to 40 mM or above results in
vasoconstriction.

Finally, to eliminate the possibility that the loss of
FIV in Kir2.1+/− mice could be a result of non-specific
changes in this genetic model, we determined whether
infecting the WT vessels with the dominant negative Kir2.1
mutant also reduces the FIV. It is well established that
the substitution of the GYG region of the pore with
AAA in the selectivity filter of Kir2.1 channels results
in a specific dominant negative effect on Kir2.1 current
(Schram et al. 2002). Our previous studies showed that a
lentiviral construct of dnKir2.1 efficiently downregulates
Kir2 channel function in mouse macrophages (Thomas
et al. 2011). Here we show that infecting endothelial cells
with dnKir2.1 lentiviral construct also strongly reduced
the Kir current compared to cells infected with an empty
virus (Fig. 7). Similar to its effect on the vessels isolated
from Kir2.1+/− mice, infecting WT vessels with dnKir2.1
resulted in a significant reduction of FIV. A similar decrease
in FIV was observed in vessels exposed to Ba2+. Infecting
the vessels with an empty virus had no effect. No difference
was observed between control and dnKir2.1-infected
vessels in endothelium-independent papaverine-induced
vasorelaxation.

Rescue of FIV in Kir2.1+/− arteries by
endothelial-specific Kir2.1 expression

Mesenteric arteries freshly isolated from Kir2.1+/− mice
were transfected with Kir2.1-HA using adenoviral vector
with EC-specific VE-Cad promoter. EC-specific Kir2.1
expression was confirmed with immunostaining of ECs
and SMCs using anti-HA tag antibody. Endothelial cells
(HAECs) showed a clear expression of Kir2.1-HA whereas
VSMCs isolated from mouse mesenteric arteries had
no detectable Kir2.1-HA expression (Fig. 8A and B).
HAECs were used as a well-established model of ECs. The
identity of VSMCs was confirmed with αSMA expression.
Functional expression of the channels in endothelial cells
was also confirmed electrophysiologically (Fig. 8C and
D). Most importantly, endothelial specific expression of
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Kir2.1 resulted in full recovery of FIV in Kir2.1+/− arteries
(Fig. 8E–G). Control cells and arteries were transfected
with the empty vector. Blocking Kir channels with Ba2+
abrogated the rescue effect of FIV.

Complementary roles of Kir2.1 and KCa channels
in flow-induced vasodilatation

Earlier studies showed that SK channels play a significant
role in FIV (Brahler et al. 2009; Milkau et al. 2010; Wulff &
Köhler, 2013). We tested, therefore, whether Kir2.1 and SK
channels regulate FIV by the same pathway. To address this
question, pressurized preconstricted vessels were exposed
to flow in the presence of: (i) 20 nM apamin, a blocker of
SK channels, (ii) 300 μM Ba2+ or (iii) the combination of

the two. Consistent with previous studies, application of
apamin resulted in a significant inhibition of FIV, similar to
that of Ba2+. However, a combined application of apamin
and Ba2+ resulted in a complete abrogation of FIV in
the WT vessels, suggesting an additive effect of apamin
and Ba2+ on FIV (Fig. 9A–C). Importantly, the vessels
maintained their ability to relax, as evidenced by a full
response to papaverine.

In addition, we also tested the effect of apamin in
vessels isolated from Kir2.1+/− mice. In this case, apamin
completely inhibited the residual vasodilatation observed
after the loss of Kir2.1 (Fig. 9D–F). These observations
are fully consistent with the additive effects of apamin
and Ba2+ observed in the WT vessels, as described above.
Also, as shown above, no difference was observed in
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Figure 5. The role of Kir2.1 function in mesenteric artery dilatation is endothelial dependent
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endothelial-independent vasodilatation in response to
papaverine.

Next we addressed the question of whether
Kir2.1 channels regulate FIV by an NO-dependent
mechanism. As expected, application of Nω-nitro-L-
arginine-methyl-ester hydrochloride (L-NAME) to WT
arteries results in a significant decrease in FIV. However, we
show here that the FIV of vessels isolated from Kir2.1+/−
mice was insensitive to L-NAME. Specifically, as described
above, Kir2.1+/− vessels showed significantly lower FIV
than WT vessels but there is no further decrease after

L-NAME application (Fig. 9G–I). A similar effect was
observed when WT vessels were exposed to a combination
of Ba2+ and L-NAME. These observations indicate that
Kir2.1 and NO regulate FIV through the same pathway. In
contrast, application of L-NAME to vessels after they were
exposed to apamin (SK inhibitor) resulted in significant
additional inhibition leading to virtual abrogation of
any FIV response (Fig. 9J–L). Inhibition of SK channels
and of eNOS had no effect on endothelium-independent
papaverine-induced vasodilatation. To verify that the
dosage used to determine the contribution of SK channels
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to the FIV response in mesenteric arteries (20 nM) elicits
maximal effect, we measured the FIV dose–response
relationship for apamin (Fig. 9C, inset). There was no
further decrease of FIV above 20 nM of apamin, which
suggested that SK channels involved in FIV were blocked.

Flow-induced eNOS activation is regulated by Kir2.1
via Akt1 phosphorylation

Since, as described above, we have shown that arteries
isolated from Kir2.1+/− mice are not sensitive to the
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described in A. E, average flow-induced dilatations arteries harvested from Kir2.1+/− mice exposed to the same
experimental conditions described in A (n = 4 arteries per condition, ∗P < 0.05). G, representative FIV trace of
arteries harvested from WT or Kir2.1+/− mice with and without 100 μM L-NAME (LN). H, average flow-induced
dilatations of arteries from WT or Kir2.1+/− mice with the same experimental conditions described in G (n = 4
arteries per condition). J, representative FIV trace of arteries harvested from WT mice with and without 20 nM

apamin, 100 μM L-NAME, or both. K, average flow-induced dilatations of mesenteric arteries harvested from
WT mice with the same experimental conditions described in G (n = 5 arteries per condition, ∗P < 0.05). C, F,
I and L: average dilatations at �100 cmH2O for the same experimental conditions as described in B, E, H and
K, respectively. C, inset: dose–response curve for apamin of FIV in WT mesenteric arteries at average dilatations
at �100 cmH2O (n = 4, ∗P < 0.05). Apamin was perfused extravascularly. ET-1, endothelin-1; PAP, papaverine
(added at �100 cmH2O to test the vessels’ maximal dilatation).

inhibition of eNOS, we tested next whether deficiency
in Kir2.1 affects flow-induced eNOS activation. ECs from
WT and Kir2.1+/− mice were exposed to 20 dyn cm−2

shear stress generated by the cone apparatus for
30 min. As expected, in WT ECs, exposure to shear
stress resulted in eNOS phosphorylation on S1177, a
well-known eNOS phosphorylation site that leads to
eNOS activation (Fisslthaler et al. 2000). In contrast, no
shear stress-induced eNOS phosphorylation on S1177 was
observed in cells isolated from Kir2.1+/− arteries (Fig. 10A
and B). Consistent with these observations, blocking
Kir channels with Ba2+ also results in the inhibition
of flow-induced eNOS phosphorylation in WT ECs but
had no effect in ECs isolated from Kir2.1+/− arteries.
Furthermore, blocking Akt with MK2206 results in the
inhibition of eNOS phosphorylation in WT cells but has
no effect on eNOS in Kir2.1+/− cells. Furthermore, trans-
fecting ECs isolated from Kir2.1+/− arteries with Kir2.1
viral construct resulted in full recovery of flow-induced
eNOS phosphorylation (Fig. 10C and D). The recovery
effect is abrogated, however, by blocking Kir with Ba2+ or
by the inhibition of Akt.

Consequently, we tested next the effect of Kir2.1
deficiency on flow-induced Akt phosphorylation. As
was shown in previous studies (Dimmeler et al. 1999),
exposure to shear stress resulted in a strong increase in
Akt phosphorylation at S473, in WT ECs. No increase in
Akt phosphorylation was observed in Kir2.1+/− ECs or
in WT cells exposed to Ba2+. The efficiency of MK2206
inhibitor is also verified by testing its effect on Akt
phosphorylation (Fig. 10E and F). Similar to the effects
on eNOS phosphorylation, transfecting ECs isolated from
Kir2.1+/− arteries with Kir2.1 viral construct resulted in
full recovery of the flow-induced response (Fig. 10G and
H).

Kir 2.1, but not KCa, regulates flow-induced NO
generation in mesenteric arteries

Kir2.1. Isolated intact mesenteric arteries were loaded
with a membrane-permeable NO-sensitive fluorescent
dye, diaminorhodamine-4M (DAR4M), and then pre-
ssurized and exposed to flow generated by a pressure
gradient (�60 cmH2O) for 30 min. Control vessels were

pressurized but not exposed to flow and maintained
under the same pressure in static conditions for
the same period of time. In WT vessels, there was
a significant increase in NO-specific fluorescence in
response to flow (Fig. 11A; WT) and it was abrogated
by the presence of 100 μM L-NAME, applied for the
duration of the experiment (Fig. 11A; WT±LN). In
contrast, there was no increase in flow-induced NO
fluorescence in vessels isolated from Kir2.1+/− mice,
indicating that Kir2.1 is essential for this response
(Fig. 11A; Kir2.1+/−). Additionally, WT vessels exposed
to Ba2+ had no significant increase in flow-induced
NO fluorescence, which also supports the importance
of Kir2.1 in flow-induced NO generation (Fig. 11A;
WT±Ba2+). Normalized NO-specific fluorescence is
shown in Fig. 11B. Endothelial denudation of the
vessels abrogated flow-induced increase in NO-specific
fluorescence.

KCa. In a parallel series of experiments, flow-induced
NO production was measured in pressurized vessels in
the presence and in the absence of 20 nM apamin, the
same concentration that had significantly inhibited FIV.
In this case, however, there was virtually no reduction in
flow-induced NO production (Fig. 11C and D).

Kir2.1 contributes to the control of blood pressure

Since, significant loss of FIV is observed in resistance
arteries isolated from Kir2.1 deficient mice, we tested
whether Kir2.1 deficiency also results in increased
blood pressure. Hence, we compared mean arterial
pressures (MAP) measured in carotid arteries using
carotid cannulation procedure in WT and Kir2.1+/−
mice. Our results reveal that Kir2.1 deficiency results in
significant elevation of MAP (Fig. 12A). All experiments
were performed on age-matched male mice and were
independent of the body weight (Fig. 8B).

To evaluate further the physiological mechanism of
increased blood pressure in Kir2.1+/− mice, we tested
whether Kir2.1 deficiency results in an increase in peri-
pheral vascular resistance, a major component of elevated
blood pressure (Messerli, 1982). Blood flow was measured
after pressurized occlusion of the tail (Fig. 12C) and
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Figure 10. Flow-induced eNOS activation by Akt phosphorylation
A, representative Western blot for eNOS phosphorylation by shear stress (20 dyn cm−2, 30 min) with or without
Ba2+ or Akt inhibitor (MK2206) in murine mesenteric arterial ECs isolated from WT and Kir2.1+/− mice. B,
densitometry for group data represented in A (n = 4 per group, ∗P < 0.05). C, representative Western blot for
eNOS phosphorylation by shear stress (20 dyn cm−2, 30 min) with or without Ba2+ or Akt inhibitor (MK2206)
in the adenoviral vector (empty or Kir2.1-HA) transfected murine mesenteric arterial ECs from Kir2.1+/− mice.
D, densitometry for the group data represented in C (n = 4 per group, ∗P < 0.05). E, representative Western
blot for Akt phosphorylation in the same experimental samples shown in A. F, densitometry for the group data
represented in E (n = 4 per group, ∗P < 0.05). G, representative Western blot for Akt phosphorylation in the
same experimental samples shown in C. H, densitometry for the group data represented in G (n = 4 per group,
∗P < 0.05). SS, shear stress; MK, MK2206.
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Figure 11. Kir2.1, but not SK, controls flow-induced nitric oxide production
A, images of NO-specific fluorescence in response to flow in WT and Kir2.1+/− mesenteric arteries: left panels
show the inner surface of the arteries in bright field, middle panels show NO-specific fluorescence stained by
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(scale = 50 μm). B, quantification of NO-specific fluorescence in the same arteries normalized to ‘No flow’ control
(n = 6 arteries per condition, ∗P < 0.05). C, images of NO specific fluorescence of WT arteries maintained under
static conditions (middle panels) or exposed to 30 min of flow (right panels) with or without application of apamin
(20 nM). D, quantification of NO-specific fluorescence in the same arteries (n = 5 arteries per condition, ∗P < 0.05).
[Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 12. Deficiency in Kir2.1 increases blood pressure and peripheral vascular resistance, but cardiac
function does not contribute to increased blood pressure in Kir2.1 deficient mice
A, mean arterial blood pressure measured in anaesthetized mice via carotid artery catheterization (each point
represents one animal; WT, n = 6; Kir2.1+/−, n = 5; ∗P < 0.05). B, body weights of WT and Kir2.1+/− animals
(n = 4 per group). C, tail blood flow rates are determined by volumetric pressure recording tail-cuff (n = 4 per
group, ∗P < 0.05). D, peripheral vascular resistance calculated from mean blood pressure divided by blood flow
rate, measured by volumetric pressure recording tail-cuff (n = 4 per group, ∗P < 0.05). E, representative M-mode
echocardiogram of the left ventricle from WT mouse. F, representative M-mode echocardiogram of the left ventricle
from Kir2.1+/− mouse. G, stroke volumes of WT and Kir2.1+/− mice are measured by M-mode echocardiogram
from the parasternal short axis view (WT, n = 6; Kir2.1+/−, n = 5). H, heart rates are measured during M-mode
echocardiogram (WT, n = 6; Kir2.1+/−, n = 5). I, cardiac outputs of WT and Kir2.1+/− mice are determined from
stroke volume multiplied by heart rate (WT, n = 6; Kir2.1+/−, n = 5).
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vascular resistance was calculated as a ratio of blood
flow to mean blood pressure taken from the same animal
(Fig. 8D). Consistent with an increase in the mean blood
pressure, blood flow rate is significantly decreased and
peripheral vascular resistance is significantly elevated in
Kir2.1+/− mice.

Furthermore, we tested the effect of Kir2.1 deficiency
on the key parameters of cardiac function, such as stroke
volume, heart rate and cardiac output that could also
contribute to the elevation of blood pressure. These
parameters were measured using an echocardiogram
on lightly sedated mice (1.5% isoflurane). Typical left
ventricular M-mode images of the echocardiogram for
WT and Kir2.1+/− mice are shown in Fig. 12E and F. More
specifically, the images show the oscillatory movement of
the ventricular wall that occur during the cardiac cycle (i.e.
systole and diastole), and the stroke volume is calculated
based on the difference between the chamber volumes
during diastole and systole. As expected, the heart rate of
the mice was in the range of �500 beats min−1 and no
difference was observed between WT and Kir2.1+/− mice
(Fig. 12G). Also, there is no difference between WT and
Kir2.1+/− mice in the stroke volume and cardiac output
(Fig. 12H and I).

Contributions of Kir2.1 and KCa to FIV of human
arteries

Our previous studies have found that NO contributes
to FIV in subcutaneous adipose arteries from patients
(Grizelj et al. 2015). In order to determine the contribution
of Kir and SK channels in FIV in human arteries, we iso-
lated arteries from subcutaneous biopsies using previously
described methodologies (Goslawski et al. 2013; Grizelj
et al. 2015). The average diameter of human arteries was
112 ± 20 μm and the shear stress range was 9–28 dyn cm−2

for pressure gradients of �40–100 cmH2O, similar to the
mouse vessels described above (pipettes were prepared in
exactly the same way as for mouse arteries; average tip size
19.1 ± 0.2 μm at the upstream end and 22 ± 0.3 μm at
the downstream end). Similar to arteries isolated from WT
mice, Fig. 13A and B shows that FIV in arteries from sub-
cutaneous fat isolated from human patients is significantly
reduced in the presence of the Kir inhibitor Ba2+ or the SK
inhibitor apamin. The combination of Ba2+ and apamin
resulted in an additional inhibition of FIV compared to
either inhibitor alone, demonstrating that Kir and SK
channels have additive effects.

Discussion

This study presents the first specific evidence for the role
of Kir channels in FIV of resistance arteries. The main
findings of the study are: (i) Kir channels expressed in
primary endothelial cells freshly isolated from resistance

arteries show clear sensitivity to shear stress; (ii) Kir,
and specifically Kir2.1, are essential for NO-dependent
vasodilatation, eNOS and Akt phosporylation and NO
production in murine mesenteric arteries in response to
flow; (iii) Kir2.1 genetic deficiency in mice results in a
significant increase in peripheral resistance and elevation
of blood pressure; (iv) Kir and Ca2+-sensitive K+ channels
act in parallel through two distinct NO-dependent and
NO-independent pathways, respectively, to induce vaso-
dilatation in response to flow; (v) blocking Kir channels
results in a strong negative effect on flow-induced vaso-
dilatation in human microvasculature. These observations
demonstrate that Kir channels play a major role in
flow-induced endothelium-dependent vasodilatation and
provide the first insights into the mechanism of this effect.

Expression of Kir2 channels in microvascular
endothelial cells

Several studies have reported the presence of
Ba2+-sensitive Kir currents in multiple, but not all sub-
types of endothelial cells (Rusko et al. 1992; Romanenko
et al. 2002; Crane et al. 2003; Fang et al. 2005; Ledoux et al.
2008; Millar et al. 2008). Here, we present a molecular
profile of Kir2 channels in murine mesenteric endothelial
cells: at a messenger level, mesenteric endothelial cells
express three Kir2 subtypes, Kir2.1, Kir2.2 and Kir2.3, but
expression of Kir2.1 is severalfold higher than that of the
other two channels. Expression of Kir2.1 is also confirmed
on the protein level. Functionally, we show for the first time
that primary mesenteric ECs express shear stress-sensitive
Kir currents. These currents significantly reduced in
ECs isolated from vessels of Kir2.1+/− heterozygous
mice. Taken together, these observations indicate that
Kir2.1 is the major functional Kir channel in mesenteric
endothelium.

Consideration of the Kir2.1+/− model

Since a full loss of Kir2.1 channels is lethal hours
after birth (Zaritsky et al. 2000), we considered using
a Kir2.1+/− heterozygous mice that are fully viable. We
found that endothelial cells isolated from these mice
express significantly decreased levels of Kir2.1, both at
the messenger (�60–65% decrease) and protein (�50%
decrease) levels, as well as in electrophysiological data
(�50% decrease). The reduction of Kir2.1 expression in
Kir2.1+/− mice is accompanied by 2- to 3-fold increases
in the expression of Kir2.2 and Kir2.3 channels but since
their expression level is very low compared to Kir2.1, this
increased expression does not compensate for functional
Kir currents. The sensitivity of Kir channels to shear stress
also seem to be decreased in Kir2.1+/− ECs, even though
the basis of this reduced sensitivity to shear is not clear.
Importantly, consistent with previous studies (Crane et al.
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2003; Smith et al. 2008), mouse mesenteric VSMCs do
not express Kir2.1, which allows isolation of the effects of
endothelial Kir2.1 on the vessel function in this model.
Nevertheless, in a global knockout model, there is always a
concern about the tissue specificity of the observed effects.
This concern is addressed in our study by EC-specific
viral overexpression of Kir2.1 in excised arteries. Thus,
Kir2.1+/− mice in combination with the EC-specific Kir2.1
overexpression provides a strong model to study the role
of Kir2.1 channels in endothelial function.

Role of endothelial Kir2.1 in flow-induced
vasodilatation

This study demonstrates that a decrease in Kir2.1
expression, with the corresponding reduction of shear
stress-sensitive Kir current, results in a dramatic decrease
in FIV of mesenteric arteries. Several lines of evidence
indicate that this effect should be attributed to the end-
othelial Kir. First, endothelium-denuded arteries maintain
their full reactivity in response to an NO donor, an assay
that is typically used to ascertain that smooth muscle
reactivity is not affected (Ignarro & Kadowitz, 1985). In
addition, while expression of Kir2 channels in vascular
smooth muscle cells is tissue specific, no Kir2.1 was
detected in VSMCs of mouse mesenteric arteries in pre-
vious studies (Crane et al. 2003; Jackson, 2005; Smith
et al. 2008; Dunn & Nelson, 2010). Consistent with
these studies, we also show here that mouse mesenteric
VSMCs have no detectable Kir2.1 expression. Moreover,
to exclude the possibility that other subtypes of Kir2
channels might be expressed in mesenteric VSMCs and

contribute to FIV via an NO-independent mechanism,
we tested K+-induced vasodilatation. The rationale of this
approach is that VSMCs Kir2 channels may contribute
to NO-independent K+-induced vasodilatation due to
their sensitivity to extracellular K+, which can be elevated
due to K+ efflux from neighboring cells (Quayle et al.
1993; Edwards et al. 1998; Burns et al. 2004; Filosa
et al. 2006). Alternatively, K+-induced vasodilatation
may also be mediated by Na+–K+-ATPase (Burns et al.
2004). To test this idea, denuded vessels were exposed to
elevated levels of extracellular K+. As expected, a small
elevation in extracellular K+ (<20 mM) resulted in a
vasodilatory response whereas higher K+ levels resulted
in vasoconstriction. The latter is expected because high
extracellular K+ level results in depolarization of smooth
muscle cells, which triggers constriction. Our data show,
however, that K+-induced vasodilatation of denuded
mesenteric vessels is sensitive to ouabain but not to Ba2+,
indicating that it should be attributed to the inhibition of
Na+–K+-ATPase and not to Kir2 channels. In contrast, as
expected, we observed Ba2+-sensitive K+-induced vaso-
dilatation in denuded cerebral arteries from the same
animals. Furthermore, a rescue of the FIV with EC-specific
overexpression of Kir2.1 provides compelling evidence for
the critical role of endothelial Kir2.1 in FIV in this vascular
bed.

It is important to note that while our study provides
direct evidence that Kir channels play a major role in
flow-induced endothelial response, this does not mean
that Kir channels are the primary shear stress sensors
and this question still needs to be investigated. An earlier
study showed shear stress may activate Kir channels in
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Figure 13. Kir and SK channels contribute to flow-induced vasodilatation of human microvessels
A, average flow-induced dilatations of pre-constricted subcutaneous vessels harvested from human lower
abdominal adipose tissue with and without 20 nM apamin (AP), 300 μM Ba2+, or both, as a function of pressure
gradient. Vessel diameters are normalized to diameters stabilized at 60 cmH2O. Intralumenal pressure is maintained
as 60 cmH2O. Apamin and Ba2+ perfused extravascularly and maintained during the experiments. Papaverine
(100 μM) is added at �100 cmH2O at the end of the experiment to verify the maximal dilatation of arteries
(n = 9 vessels per condition, ∗P < 0.05). B, maximal dilatation at �100 cmH2O pressure gradient for the same
experimental conditions.
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a cell-attached mode though the channels in the pipette
are not exposed to shear directly, suggesting that shear
stress can activate these channels indirectly (Jacobs et al.
1995). Possible upstream mechanosensors include but are
not limited to integrins, glycocalyx, other ion channels,
and G proteins (Ando & Yamamoto, 2009; Sriram et al.
2016). Mechanosensitive ion channels, specifically those
permeable to Ca2+, are believed to be a major source of
entry for Ca2+ into ECs upon exposure to shear stress
(Wiesner et al. 1997); however, any existing link between
mechanosensitive Ca2+ channel activation and subsequent
Kir channel activation has yet to be investigated. Shear also
activates endothelial GPCRs and integrins that converge
onto PIP2 to promote IP3 and PIP3 formation, respectively
(Chachisvilis et al. 2006; Loufrani et al. 2008; Sriram et al.
2016), but a decrease in PIP2 availability would be expected
to deactivate rather than activate Kir channels. Another
open question is whether an increase in Kir current is the
result of an increase in the open probability of the channels,
activation of previously dormant channels or insertion of
new channels into the plasma membrane. Clearly, more
studies are needed to elucidate the mechanism responsible
for shear stress-induced activation of endothelial Kir
channels.

Endothelial Kir2.1 channels control FIV by regulating
Akt/eNOS signalling and NO generation

Earlier studies showed that activation of endothelial
K+ channels may act as the endothelium-derived
hyperpolarizing factor (EDHF) responsible for the
NO-independent, cyclooxygenase (COX)-independent
mechanism, a residual vasodilatation that is observed
when both NO and COX are inhibited (Brandes
et al. 2000). This mechanism has been well established
for Ca2+-sensitive K+ channels in earlier studies
demonstrating that blocking or genetic loss of small and
intermediate-conductance KCa channels result in almost
complete loss of EDHF-mediated (NO-independent)
vasodilatation of carotid artery and cremaster arteries
(Miura et al. 2001a; Brahler et al. 2009; Wölfle
et al. 2009). Interestingly, it was also shown that
while intermediate-conductance KCa channels play the
dominant role in acetylcholine-induced EDHF response
(Brahler et al. 2009; Wölfle et al. 2009), small conductance
KCa channels are responsible for the shear stress-mediated
EDHF response (Brahler et al. 2009). Our current study
demonstrates, however, that this is not the case for end-
othelial Kir2 channels: in the presence of eNOS inhibitor,
neither blocking Kir2 channels with Ba2+, nor the loss
of Kir2.1 expression in Kir2.1+/− mice have any effect
on the NO-independent FIV component. Consistent with
these observations, we also demonstrate directly that
flow-induced NO generation is significantly inhibited
in mesenteric arteries isolated from Kir2.1+/− mice. As

expected, since eNOS is expressed selectively in end-
othelial cells, denudation of the arteries eliminates any
flow-induced NO generation and abrogates the effect
of Kir2.1+/−. Taken together, these data indicate that in
mesenteric circulation, Kir2 channels regulate FIV by
regulating endothelial NO generation.

In terms of further insights into the mechanism, we
show that downregulation or blocking of Kir2.1 pre-
vents flow-induced phosphorylation of eNOS and Akt
in mesenteric ECs, with both effects fully rescued by
Kir2.1 overexpression in Kir2.1-deficient ECs. Moreover,
consistent with earlier studies (Fleming et al. 1998;
Dimmeler et al. 1999), Akt phosphorylation was essential
for flow-induced eNOS phosphorylation. Blocking Akt
phosphorylation abrogated the Kir2.1 overexpression
rescue effect. Together, these data indicate that Kir2.1
channels regulate flow-induced activation of eNOS in
mesenteric ECs via Akt phosphorylation. It is not clear,
however, what is the mechanistic link between Kir
channels and Akt. In general, earlier studies implied that
K+ channels regulate cellular functions by regulating
Ca2+ influx into the cells (Adams et al. 1989; Luckhoff
& Busse, 1990; Lin et al. 1993). However, it was
also previously shown that shear stress-induced FIV is
Ca2+ independent (Stepp et al. 1999) and that shear
stress-induced eNOS activation is Akt dependent and
Ca2+ independent (Dimmeler et al. 1999). Consistent with
this study, receptor-mediated eNOS activation also has a
component that is Akt dependent and Ca2+ independent,
further supporting the notion that Akt activation is
Ca2+ independent (Fleming et al. 1999; Takahashi &
Mendelsohn, 2003). Based on these studies, we suggest
that Kir channels regulate eNOS through Akt and not
through Ca2+. Clearly, further studies are needed to
elucidate the mechanism by which Kir channels regulate
Akt. This is a novel pathway that is distinct from previously
described roles of Kir2.1 as a hyperpolarization booster
that is downstream of SK channels (Sonkusare et al. 2016).
Our data indicate that another NO-dependent pathway is
the major mechanism, by which Kir2 channels regulate
FIV.

Our study also shows that regulation of NO generation
and of NO-dependent vasodilatation is specific for
Kir2 channels and that Kir2 and Ca2+-sensitive K+
channels contribute to FIV via NO-dependent and
NO-independent pathways, respectively. This conclusion
is consistent with earlier observations that NO-dependent
regulation of blood pressure is still intact in mice
lacking KCa channels (Kohler & Ruth, 2010). Importantly,
blocking both Kir2 and SK channels simultaneously
fully abrogates flow-induced vasorelaxation in murine
mesenteric arteries, indicating that these two pathways
are the major contributors and are fully responsible for
FIV in this vascular bed. While the mechanistic basis
for differential effects of Kir2.1 and SK channels on FIV
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is not clear, one possibility is that there are differential
intracellular distributions of these channels. Our earlier
studies have shown that Kir2.1 channels partially partition
into cholesterol-rich membrane domains (Tikku et al.
2007). More recently, we also found that Kir2.1 interacts
with caveolin-1 and partially partition into caveolae (Han
et al. 2014). Interaction of eNOS of caveolin-1 is well
established (Garcia-Cardena et al. 1996; Ghosh et al. 1998;
Gratton et al. 2000). However, since SK channels were
also shown to partition into caveolae (Absi et al. 2007;
Goedicke-Fritz et al. 2015), this alone cannot explain the
functional difference between Kir2.1 and SK channels in
activating eNOS. Decreased Kir current density together
with decreased sensitivity to flow in Kir2.1+/− ECs may
underlie the loss of Kir contribution to FIV in Kir2.1+/−
arteries. Further studies are needed to understand how
different types of K+ channels regulate FIV by distinct
mechanisms.

Role of Kir2.1 channels in regulation of blood
pressure and vascular resistance

The loss of Kir2.1 channels also results in significant
elevation (�20 mmHg) of mean arterial blood pressure,
indicating that Kir2 channels play an important role in
control of vascular tone in vivo. A hypertensive shift
in Kir2.1 deficient mice is comparable to the elevation in
blood pressure that was observed earlier in mice deficient
in Ca2+-sensitive K+ channels (Brahler et al. 2009). The
latter is consistent with our observation that Kir2 and SK
contribute about equally to FIV. Interestingly, while Kir2
channels play a major role in flow-induced FIV, we saw
no Ba2+ effect on the baseline diameters of the mesenteric
arteries. Most likely, it means that other mechanisms have
a predominant effect on the resting tone, and should be
investigated in the future.

Moreover, since we show here that the loss of Kir2.1
channels results in significant impairment of FIV in
resistance arteries and since it is known that resistance
arteries are a major source of resistance in the circulation
(Mayet & Hughes, 2003), we hypothesized that elevation of
blood pressure in Kir2.1+/− mice should be accompanied
by increased vascular resistance in vivo. Our data show
that this is indeed the case and that Kir2.1+/− mice
have significantly decreased flow rate and increased
vascular resistance as measured using volumetric pressure
recording. Furthermore, since the two key components
that contribute to mean arterial pressure (MAP) are
cardiac output (CO) and peripheral vascular resistance
(PVR) (MAP = CO × PVR) (Mayet & Hughes, 2003), we
also determined whether Kir2.1 deficiency in Kir2.1+/−
mice may result in an increase in stroke volume and/or
heart rate resulting in increased cardiac output. Our results
show, however, that this is not the case and that the cardiac
physiological parameters are not altered in Kir2.1+/− mice.

Taken together, these observations indicate that Kir2.1
deficiency results in increased blood pressure via increased
vascular resistance.

Role of Kir channels in flow-induced vasorelaxation
of human resistance arteries

Importantly, the Kir2 dependency of FIV that we observed
in mouse mesenteric arteries is confirmed in human
resistance arteries isolated from subcutaneous fat of
humans. Vasodilatation in response to flow is an important
physiological regulator of tissue perfusion and in human
subcutaneous adipose we have previously found that FIV
in subcutaneous resistance arteries is dependent on NO
(Grizelj et al. 2015). However, the upstream mechanisms
of NO-dependent FIV in these vessels are unknown. We
found, similar to the mouse mesenteric circulation, that
FIV of human arteries is reduced in the presence of barium
or apamin, suggesting the role of Kir2 and SK channels
in regulating FIV in human resistance arteries. Previous
studies have found that KCa channels are involved in FIV
in human coronary arteries of patients with coronary
disease (Liu et al. 2011). However, this mechanism is
likely to involve endothelial-derived H2O2 stimulation of
large conductance potassium channels on the smooth
muscle cell. Future studies exploring the relationship
between Kir2 channel activation and the regulation of
FIV during cardiovascular disease human arteries are
warranted.
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