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Inward rectifier potassium (Kir2.1) channels as end-stage
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Key points

e Increase in endothelial cell (EC) calcium activates calcium-sensitive intermediate and small
conductance potassium (IK and SK) channels, thereby causing hyperpolarization and
endothelium-dependent vasodilatation.

e Endothelial cells express inward rectifier potassium (Kir) channels, but their role in
endothelium-dependent vasodilatation is not clear.

¢ In the mesenteric arteries, only ECs, but not smooth muscle cells, displayed Kir currents that
were predominantly mediated by the Kir2.1 isoform.

¢ Endothelium-dependent vasodilatations in response to muscarinic receptor, TRPV4 (transient
receptor potential vanilloid 4) channel and IK/SK channel agonists were highly attenuated by
Kir channel inhibitors and by Kir2.1 channel knockdown.

® These results point to EC Kir channels as amplifiers of vasodilatation in response to increases in
EC calcium and IK/SK channel activation and suggest that EC Kir channels could be targeted
to treat endothelial dysfunction, which is a hallmark of vascular disorders.

Abstract Endothelium-dependent vasodilators, such as acetylcholine, increase intracellular
Ca’" through activation of transient receptor potential vanilloid 4 (TRPV4) channels in the
plasma membrane and inositol trisphosphate receptors in the endoplasmic reticulum, leading to
stimulation of Ca’"-sensitive intermediate and small conductance K (IK and SK, respectively)
channels. Although strong inward rectifier K™ (Kir) channels have been reported in the native
endothelial cells (ECs) their role in EC-dependent vasodilatation is not clear. Here, we test the
idea that Kir channels boost the EC-dependent vasodilatation of resistance-sized arteries. We
show that ECs, but not smooth muscle cells, of small mesenteric arteries have Kir currents, which
are substantially reduced in EC-specific Kir2.1 knockdown (EC-Kir2.1~/~) mice. Elevation of
extracellular K™ to 14 mMm caused vasodilatation of pressurized arteries, which was prevented
by endothelial denudation and Kir channel inhibitors (Ba**, ML-133) or in the arteries from
EC-Kir2.1~/~ mice. Potassium-induced dilatations were unaffected by inhibitors of TRPV4, IK
and SK channels. The Kir channel blocker, Ba*, did not affect currents through TRPV4, IK or
SK channels. Endothelial cell-dependent vasodilatations in response to activation of muscarinic
receptors, TRPV4 channels or IK/SK channels were reduced, but not eliminated, by Kir channel
inhibitors or EC-Kir2.1~/~. In angiotensin II-induced hypertension, the Kir channel function
was not altered, although the endothelium-dependent vasodilatation was severely impaired. Our
results support the concept that EC Kir2 channels boost vasodilatory signals that are generated
by Ca’"-dependent activation of IK and SK channels.
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Introduction

Endothelial cells (ECs) line all arteries in the body and
are uniquely positioned to respond to neurohumoral
and mechanical stimuli. Endothelial cells regulate the
contractile state of the surrounding smooth muscle,
which determines blood flow to the target organs and
vascular resistance. Intracellular Ca?* in ECs regulates
the elaboration of vasodilatory signals that are mediated
by endothelial nitric oxide synthase (Fleming & Busse,
1999) and phospholipase A, (Bogatcheva et al. 2005).
Another major vasodilatory pathway, which is of particular
importance in resistance arteries, is the activation
of EC intermediate (IK) or small (SK) conductance
Ca*"-activated K* channels by Ca®* signals from trans-
ient receptor potential vanilloid 4 (TRPV4) channels and
inositol trisphosphate receptors (IP3Rs; Taylor et al. 2003;
Kohler et al. 2006; Marrelli et al. 2007; Ledoux et al.
2008; Zhang et al. 2009; Sonkusare et al. 2012) and
referred to as ‘endothelium-dependent hyperpolarization’
(EDH). Endothelium-dependent hyperpolarization is
spread electronically to the adjacent smooth muscle
cells (SMCs) through gap junctions in specialized
EC membrane structures [myoendothelial projections
(MEPs); Yamamoto et al. 1999; Busse et al. 2002; Isakson
& Duling, 2005; Mather et al. 2005; Garland et al. 2011;
Sandow et al. 2012], which make direct contact with the
smooth muscle. Membrane potential hyperpolarization
of the SMCs deactivates L-type voltage-dependent
Ca?* channels, leading to relaxation of SMCs and
vasodilatation.

The vascular endothelium can be viewed as a sensory
organ, detecting subtle changes in mechanical forces or
vasoactive substances and translating them into changes
in blood flow through modulation of smooth muscle tone.
The mechanisms by which local changes in vasoactive sub-
stances are amplified to cause endothelium-dependent
vasodilatation remain a fundamental and unresolved
issue. We have recently shown that an important
mechanism for the amplification of actions of a
classic endothelium-dependent vasodilator, acetylcholine,
is through activation of Ca’"-permeable TRPV4 channels
exclusively at MEPs. Strong co-operative gating of TRPV4

channels at MEPs elevates local Ca’" influx about two-
to threefold, which in turn activates nearby IK and SK
channels to cause membrane potential hyperpolarization.
Given the exceedingly low levels of baseline TRPV4
channel activity (open probability < 0.01) even at the
MEPs, we reasoned that there might be another step to
amplify the hyperpolarization to activation of EC IK and
SK channels. Strong inward rectifier K™ channels (Kir2)
are activated by membrane potential hyperpolarization
and by external K* and are therefore likely candidates
to boost endothelium-dependent vasodilatations that are
driven by IK/SK activation (Jackson, 2005; Longden &
Nelson, 2015). Endothelial cells and some types of vascular
smooth muscles have been shown to express functional
Kir channels (von Beckerath et al. 1996; Romanenko et al.
2002; Crane et al. 2003; Yang et al. 2003; Fang et al. 2005,
2006; Jackson, 2005; Climent et al. 2011).

The Kir channel family consists of seven subfamilies
(Kir1-7) and a total of 15 subunit isoforms (Kirl.1,
Kir2.1-4, Kir3.1-4, Kir4.1-2, Kir5.1, Kir6.1-2 and Kir7.1;
Longden & Nelson, 2015). Notably, the Kir2 channels
are expressed in arteries of the cerebral circulation
and are involved in the regulation of membrane potential
and arterial diameter. Activation of Kir2 channels in
this vascular bed leads to a rapid and profound hyper-
polarization that causes vasodilatation (Quayle et al. 1993,
1997; Filosa et al. 2006; Longden & Nelson, 2015).

We hypothesized that Kir channels serve as ‘end-stage’
boosters to cause vasodilatation through Ca’"-dependent
activation of IK and SK channels. We found that the ECs,
but not SMCs, from resistance-sized mesenteric arteries
exhibit strong Kir currents. Consistent with the findings
that Kir2.1 is the major channel subtype in cerebral
arteries (Bradley et al. 1999; Zaritsky et al. 2000), EC
Kir currents in the mesenteric arteries were substantially
reduced in EC-specific Kir2.1 channel knockdown
(EC-Kir2.17/~) mice. An increase in extracellular Kt
concentration caused vasodilatation that was dependent
on endothelial Kir2.1 channels, which was in agreement
with the external K*-dependent nature of Kir2 channel
activity (Leech & Stanfield, 1981). The vasodilatations in
response to endothelium-dependent vasodilators acting
through the TRPV4-IK/SK pathway were also inhibited
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by Kir channel inhibitors and by EC-Kir2.17/~. Our
studies reveal an important role for endothelial Kir2.1
channels in amplifying the vasodilatory response to
physiological stimuli in small, resistance-sized arteries.
Although EC Kir2.1 channels are required for maximal
EDH response, endothelial dysfunction in angiotensin II
(Ang IT)-induced hypertension is not associated with a Kir
channel dysfunction.

Methods
Animal procedures

All animal procedures used in this study were approved
by the Institutional Animal Care and Use Committee
of the University of Vermont and performed in accord
with the National Research Council’s Guide for the Care
and Use of Laboratory Anmimals (8th edition, 2011).
Male, 12- to 14-week-old C57BL6 (Jackson Laboratory,
Bar Harbor, ME, USA), EC-specific Kir2.1 channel
knockdown (EC-Kir2.17/~, described in the next sub-
section) and GCaMP2%" mice were used in this
study. The GCaMP2“**" mice express the circularly
permutated Ca’" sensor, GCaMP2, under the control
of the connexin40 (Cx40) promoter (Tallini et al. 2006,
2007), which limits expression of GCaMP2 to ECs in the
vascular wall. Adult (3- to 4-month-old) male mice were
killed by L.p. injection of sodium pentobarbital (Wilcox
Pharmacy, Rutland, VT, USA; 150 mg kg~ !) followed by
decapitation. Third-order branches of mesenteric arteries
(~100 pum internal diameter at 80 mmHg) were isolated
into Hepes-buffered physiological saline solution (PSS) of
the following composition (mMm): 10 Hepes, 134 NaCl,
6 KCl, 1 MgCl,, 2 CaCl, and 7 glucose, adjusted to
pH 7.4 with NaOH. The investigators understand the
ethical principles under which the journal operates, and
this work complies with the animal ethics checklist.

Generation of EC-Kir2.1~/~ mice

Heterozygous Kir2.1 floxed mice were provided by
inGenious Targeting Laboratory, which were then bred to
be homozygous for the LoxP expression. The second exon
of the Kir2.1 gene in these mice is flanked by LoxP sites,
and a downstream Neo cassette is flanked by FRT sites. The
Neo cassette was deleted by breeding to an FLP-deleter
mouse (Jackson Laboratory). To generate EC-Kir2.17/—,
the floxed Kir2.1 mice were bred with Tie2-Cre mice
(Jackson Laboratory), which have endothelium-specific
expression of Cre recombinase directed by receptor tyro-
sine kinase (Tek or Tie2) promoter. The following primers
were used for detecting Neo cassette deletion: NDELI,
CTGACTGAACACACAGGTCCAGGG; and NDEL2, GG
GACCATCAAGCCCTGGTAATGG; and for distal loxP
sites: loxP forward, AGCGGAGGTACCTCATCTATGT
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TC; and loxP reverse, ACCAATGTACTTTAGATTGAAT
TGTGC.

Diameter studies in pressurized arteries

Measurements of diameter in pressurized arteries were
performed as previously described (Sonkusare et al. 2012,
2014b). In brief, mesenteric arteries were dissected free
of surrounding tissue and mounted on similar-sized glass
pipettesin an arteriograph chamber (Instrumentation and
Model Facility, University of Vermont, Burlington, VT,
USA). The arteries were then pressurized to 80 mmHg
for at least 45 min in 37°C PSS of the following
composition (mMm): 119 NaCl, 4.7 KCI, 1.2 KH,POy,
1.2 MgCl,, 2 CaCl,, 7 glucose and 24 NaHCOs, at pH 7.4
and constantly equilibrated with bioair (20% O, and
5% CO, in N,). Internal diameter was continuously
monitored with a CCD camera and edge-detection
software (IonOptix, Milton, MA, USA). All compounds
were added to the perfusate (PSS), which was continuously
recirculated through the arteriograph chamber. Arteries
were treated with Ca’t-free PSS (mMm: 119 NaCl,
4.7 KCl,1.2 KH,P04,1.2 MgCl,, 7 glucose, 24 NaHCO;
and 5 EGTA, pH 7.4) at the conclusion of each experiment
to obtain maximal diameter. For some of the experiments,
the endothelium was denuded by passing an air bubble
through the artery for ~45 s. Endothelial denudation was
confirmed by treating the arteries with NS309 (an IK/SK
channel opener).
Myogenic tone was calculated as follows:

[(Diametercy+_free — Diametery,s, ) /Diametercae+ _free |

%100
Mesenteric artery dilatation was expressed as follows:

[(Diametergjaed — Diameterpaga)/

(Diameterc,2+ _free — Diameterp,s)] x 100

where Diametergjjaeq is the diameter after addition of
carbachol (CCh; a muscarinic receptor agonist), GSK101
(a TRPV4 channel agonist), NS309 (an IK/SK channel
opener) or K*.

Endothelial cell Ca?t imaging

Ca’* signals in the ECs were imaged using a Revolution
Andor confocal system (Andor Technology, Belfast, UK)
that consisted of an upright Nikon microscope with a
x 60, water-dipping objective (NA 1.0) and an electron-
multiplying CCD camera, as previously described
(Sonkusare et al. 2012, 2014b). In brief, images were
recorded with Andor Revolution TL acquisition software
(Andor Technology) at 30 frames s~'. Bound Ca®* was
detected by exciting at 488 nm with a solid-state laser



3274

and collecting emitted fluorescence using a 527.5-49 nm
bandpass filter. Experiments were performed at 36°C. The
TRPV4 Ca*" sparklets were analysed within a region of
interest defined by a 1.7 um? box (5 x 5 pixels) positioned
at a point corresponding to peak TRPV4 Ca’*" sparklet
amplitude and analysed using custom software, written
by Dr A. D. Bonev (Sonkusare et al. 2012, 2014b). In the
presence of 3nM GSK101, images were recorded before and
5 min after treatment with the Kir channel blocker barium
(Ba’T). Changes in Ba>"-induced activity were expressed
as the fold change relative to 3 nm GSK101 alone.

Endothelial cell patch clamp

Endothelial cells and SMCs were freshly isolated from
third-order branches of mesenteric arteries as previously
described (Sonkusare et al. 2012, 2014b). The currents
were recorded using a perforated patch configuration
at a holding potential of —50 mV and 400 ms ramps
from —140 to +50 mV. The composition of external
bathing solution was (mm): 10 Hepes, 134 NaCl, 6 KCl,
1 MgCl,, 2 CaCl, and 10 glucose. The pipette solution
was of the following composition (mm): 10 Hepes, 30 KCl,
10 NaCl, 110 potassium aspartate and 1 MgCl, (adjusted
to pH 7.2 with NaOH). The Kir channel currents were
activated by increasing the extracellular K* concentration
to 6 and 60 mm (replacing Na™) and blocked using Ba**
(100 um) and ML-133 (20 um). The IK and SK channel
currents were activated by NS309 (1 um); the IK channel
current was determined from the decrease in current after
charybdotoxin (200 nm), whereas the SK channel current
was determined from a further decrease in current with
subsequent addition of apamin (300 nm). Sampled at
2 kHz, currents were acquired in voltage-clamp mode
with an Axopatch 200A (Axon Instruments, Sunny Vale,
CA, USA) and analysed using the pClamp suite (Axon
Instruments).

Angiotensin ll-induced hypertension

For measurements of systolic blood pressure using tail-cuff
plethysmography (Columbus Instruments, Columbus,
OH, USA), 12- to 14-week-old mice were trained for
1 week (twice daily) before recording of baseline systolic
blood pressure on 2 days consecutively. For Ang IT-induced
hypertension, osmotic minipumps (ALZET 2004; Durect
Corporation, Cupertino, CA, USA) were implanted sub-
cutaneously in mice anaesthetized by inhalation of 5% iso-
flurane and maintained with 2% isoflurane in 100% O,.
The minipumps were filled with Ang I (Bachem Americas,
Inc., Torrance, CA, USA) in 0.9% saline, and the infusion
rate was 1.4 mg kg~! day!. The minipumps in control,
normotensive mice were filled with 0.9% saline. Following
recovery from anaesthesia, mice were housed in individual
cages and allowed free access to food and water. Systolic
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blood pressure was recorded on days 4, 7, 10, 14, 18 and
21 after implantation of minipumps. The systolic blood
pressure in the mice infused with 0.9% saline for 3 weeks
was 121 £ 5mmHg (n=4), and the systolic blood pressure
in the mice infused with Ang IIwas 180 £ 6 mmHg (n=4).

Calculation of the number of Kir channels

A linear relationship between channel current (Ix)
and membrane potential can be explained by
the Goldman-Hodgkin—Katz constant field equation
(Goldman, 1943; Hodgkin & Katz, 1949), as follows:

EF2 [K+]out - [K+]in CXP(EF/RT)
IK = PK X —
RT 1 — exp(EF/RT)

where Py is the permeability of the channel to K*
ions (in centimetres per second); [K*],, and [K*];,
are the concentrations of K™ in extracellular and intra-
cellular compartments (millimolar), respectively; E is the
membrane potential (in volts), [K*] is in moles per milli-
litre, Fis the Faraday constant, R is the gas constant and T
is the temperature (in kelvin). Single channel permeability
was calculated using a simplified formula when [K* ],y =
[K")in (Benham et al. 1986):

Py = {ix/([K*] x E)} x (RT/F?)

where ix is the single channel current. Given that
conductance y = ix/E (with y in siemens, Iy in amperes
and E in volts):

Px = (y/[K*]) x (RT/F?)

The number of Kir2.1 channels per EC was determined
from the equation for macroscopic current, [I= N X i X Pg,
where N is the number of channels, iis the single-channel
current, and Py is the open state probability of the
channel. Based on the single channel conductance of
Kir2.1 channels of 22.7 pS as measured in excised patches
and [K']ow and [K™]i, of 140 mM (So et al. 2001),
the single channel current at —140 mV (—0.14 V) is
i=—0.14 x 22.7 pA and Px = (y/[K"]) x (RT/F?) =
4.3 x 107" cm s7! at 23°C.

For [K™]oue = 60 mM and [K*];, = 140 mMm, E =
—140 mV, using the Goldman-Hodgkin-Katz equation
yielded a value of i of —1.36 pA at 24°C. The average
whole-cell current was —109.8 pA at —140 mV. Based
on the whole-cell current, Py of 0.56 at —140 mV (So
et al. 2001), the number of Kir2.1 channels per cell was
calculated using the equation:

N=1/(ix P,)

Reagents

Cyclopiazonic acid was obtained from EMD Chemicals
(Billerica, MA, USA). NS309 was a gift from

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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Professor Soren-Peter Olesen, Neurosearch A/S (Hellerup,
Denmark). HC-067047 was a gift from Hydra Biosciences
(Cambridge, MA, USA). Charybdotoxin and apamin were
purchased from Peptide Institute (Osaka, Japan) and
Enzo Life Sciences (Farmingdale, NY, USA), respectively.
Angiotensin II was obtaind from Bachem Americas Inc.
(Torrance, CA, USA). All other chemicals were obtained
from Sigma-Aldrich.

Data analysis and statistics

Data are expressed as means + SEM. Student’s paired
or unpaired f test wherever appropriate and one-way
ANOVA with post hoc Bonferroni tests were used for
comparisons between two groups and among more
than two groups, respectively. A value of P < 0.05 was
considered significant. The number n represents the
number of arteries for diameter and Ca®' imaging
experiments and the number of cells for patch-clamp
experiments. Each treatment was carried out in at least
four arteries or five cells from at least three different
mice. The n numbers and the statistical tests are indicated
in the figure legends along with the resultant P values.
Except for the specific treatment to be tested, experimental
conditions were not changed throughout the experiments.

Results

Endothelial cells, but not SMCs, display Kir currents
in small mesenteric arteries

Kir channels have been well characterized in the SMCs
from cerebral arteries and have been shown to require the
Kir2.1 isoform (Quayle et al. 1993; Bradley et al. 1999;
Zaritsky et al. 2000). In contrast, SMCs in the systemic
resistance (mesenteric) arteries from rats do not exhibit
Kir channel currents (Crane et al. 2003; Smith et al. 2008).
To establish whether functional Kir channels are expressed
in the SMCs and/or ECs of resistance-sized mesenteric
arteries from mice, we measured whole-cell currents in
isolated single ECs and SMCs from these arteries using
the perforated patch configuration of the patch-clamp
technique. The currents were recorded simultaneously
at a physiological membrane potential of —50 mV and
with 400 ms ramps from —140 to +50 mV. Barium
(100 um) and ML-133 (20 uM) were used to inhibit the
Kir currents. Barium ions block Kir2 channels potently in
a voltage-dependent manner (Quayle et al. 1993; Longden
& Nelson, 2015), and ML-133 is a selective inhibitor of
Kir2 channels (Wu et al. 2010; Wang et al. 2011) that
has been shown to inhibit the Kir currents in cerebral
ECs (Kochukov et al. 2014). Currents in SMCs exhibited
characteristic outward rectification, an indication of large
conductance K (BK) and voltage-gated K™ (Kv) channels
(Fig. 1A), without a hint of currents through Kir channels

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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even with 60 mM external K. We did not detect any
Ba’T-sensitive currents in SMCs from these arteries.

In contrast, whole-cell inward currents from the ECs
displayed characteristic properties of Kir2 channels: sharp
activation with membrane potential hyperpolarization,
shift of activation curve to more positive potentials as the
external K™ is changed from 6 to 60 mm, and inhibition
by external Ba*" (100 uM; Fig. 1B and C). The density of
Kir currents at —140 mV was —1.7 £ 0.4 and —7.5 + 1.0
pA pF! at 6 and 60 mm external K™ PSS (n = 5 and
10 cells, respectively), respectively. The reversal potentials
of the Kir currents were —70 =4 (n=5) and —22 £ 2 mV
(n = 10) at 6 and 60 mm K¥, respectively. At physio-
logical membrane potential (—50 mV), switching external
solution from 6 to 60 mm K* PSS increased the inward
current in ECs, and this current was completely blocked
by Ba’* (Fig. 1D). This increase in Ba’"-sensitive inward
current was absent in SMCs, again confirming a lack of
functional Kir channels in the SMCs from these arteries.
The inward currents at 60 mm external K™ were also
inhibited by a selective blocker of Kir2 channels, ML-133
(20 um; Fig. 1E and F). These results confirmed that
functional Kir channels are present in the ECs but not the
SMCs from mesenteric arteries. In the conditions used,
the estimated number of Kir channels per EC was 144 (see
Methods for details), which corresponds to approximately
one channel per 11 um?.

Barium does not affect the function of EC IK, SK
or TRPV4 channels

We have previously shown that Ba*™ at concentrations
of 100 uM or lower does not block other types of ion
channels in SMCs (Nelson & Quayle, 1995). Endothelial
cells in addition to Kir channels also have functional IK,
SK and TRPV4 channels. Therefore, to use Ba?™ as a tool,
we evaluated the effect of Ba’" on IK and SK currents
by recording NS309-induced outward currents in single,
freshly isolated ECs in the absence and presence of Ba**.
The currents were recorded simultaneously at a physio-
logical membrane potential of —50 mV (Fig. 2A) and in
response to 250 ms ramps from —140 to +50 mV (Fig. 2B).
At 0 mV, there was no difference in the NS309-induced
outward currents before and after the addition of Ba’"
(n = 4 EGCs, P = 0.8016; Fig. 2C,). The outward
currents elicited by NS309 were completely inhibited by
a combination of charybdotoxin (ChTx; an IK channel
inhibitor) and apamin (Apa; an SK channel inhibitor;
Fig. 2A). Although Ba’* did not alter NS309-activated
outward currents, it reduced the inward currents, implying
a specific inhibition of Kir currents (Fig. 2B). These results
indicate that Ba’" ions at concentrations that block Kir
channels do not affect the activity of IK or SK channels.
To evaluate the effect of Ba’™ on TRPV4 channel
function, we optically recorded TRPV4 channel activity
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in the presence or absence of Ba’" in slit-open mesenteric
arteries from GCaMP2 mice (Tallini et al. 2006, 2007;
Sonkusare et al. 2012, 2014b). The experiments were
performed in the presence of cyclopiazonic acid (a SERCA
inhibitor) to deplete intracellular stores of Ca’* and
to eliminate IP3R-mediated Ca’" release. The TRPV4
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channel function was recorded as TRPV4 sparklets (Ca**
influx through single TRPV4 channels) in physiological
conditions of temperature and ionic solutions (Sonkusare
et al. 2012, 2014b). The baseline open state probability
of TRPV4 channels is very low in this vascular bed. For
accurate quantification of the effect of Ba>" on TRPV4

B
SMC, 60 mM K* EC, 6 mM K* 2 -
16 N mV . __/
— Control 12 150 74967—50 0 50
Ba%*, 100 uM . ]
— Kir currents 8: s 4
4] T4
mv y — Control 61
r s T T 5/: ) Ba2+ ,100 UM
-150 = _50'-'5_ 4] 50 — Kircurrents -8 1
<™
g8 -10 -
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EC,60 MM K" 2 - 60 mM K* PSS Ba?* 100 pyM
mV e v v
~150..—100 59" 0 50 < —
o | ) L
n 30s
<
Qo SMC
-6 A
60 mM K* PSS Ba%* 100 pM
_g | v v
——,
_10 J
E F
EC, 60 mM K* 5. Ba®* ML-133
mV ] )
—~150-=100 0] 50 £ 207
o] i 1
TR ] I —4.0 4
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Figure 1. Freshly isolated endothelial cells (ECs), but not smooth muscle cells (SMCs) exhibit functional
inward rectifier potassium (Kir) channels in third-order mesenteric arteries

The Kir currents were recorded using the perforated patch configuration of the patch-clamp technique.
A, representative current traces in the SMCs from third-order mesenteric arteries. There was no difference between
the inward currents at —140 mV before and after addition of Ba?* in the SMCs (n = 7 SMCs; P = 0.2035 using
Student's t test). B and C, representative current traces in ECs from third-order mesenteric arteries in the presence
and absence of Ba2* (100 um) at extracellular K* concentrations of 6 (B) and 60 mm (C). The cells were held
at —50 mV, and 400 ms ramps from —140 to +50 mV were applied. The [KT]i, was 140 mm. Kir current was
estimated as the decrease in current following the addition of Ba2*. D, continuous current recordings at physio-
logical membrane potential (=50 mV) in EC and SMCs, starting at 6 mm K+ physiological saline solution (PSS).
E, representative traces for ML-133-sensitive Kir currents in the ECs. F, a bar graph showing averaged Kir current
densities using Ba2t and ML-133 in the ECs (n = 10 cells for Ba* and n = 5 ECs for ML-133; P = 0.4931 using

Student’s unpaired t test).

© 2016 The Authors. The Journal of Physiology © 2016 The Physiological Society
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sparklet activity, the open probability of TRPV4 channels
was increased by the use of 3 nm GSK101. In the presence
of 3 nM GSK101, Ba*t did not affect the average number
of open TRPV4 channels per site (Sonkusare ef al. 2014b;
P =0.8861, 77-87 sites from six fields), thus ruling out a
direct effect of Ba>™ on TRPV4 channels.

Endothelial cell-specific knockdown of Kir2.1
channels substantially reduces Kir currents

Based on the inhibition of Kir currents by a selective
inhibitor of Kir2.x channels (ML-133), we postulated
that endothelial Kir2.x channels were involved in
EDH-mediated vasodilatations. Kir2.1 channels had been
previously identified in the rat mesenteric artery homo-
genate and were downregulated in the arteries from
spontaneously hypertensive rats (SHRs; Weston et al.
2010). Moreover, Kir2.1 was the predominant subtype in
the cerebral arteries (Bradley et al. 1999; Zaritsky et al.
2000). Based on these findings, we hypothesized that
Kir2.1 is the prominent subunit isoform in the ECs from
mesenteric arteries. To verify this hypothesis, we probed
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for Kir currents in the ECs from mesenteric arteries from
the EC-Kir2.17/~ mice. The Kir currents in ECs from
these mice were significantly lower than those in the ECs
from C57BL6 or floxed Kir2.1 mice (Fig. 3A and B).
A continuous current recording at —50 mV showed no
Ba’"-sensitive inward currents (Fig. 3C), but NS309 was
able to activate IK currents sensitive to ChTx in the same
cells (n = 6). These results supported the concept that
Kir2.1 is the predominant Kir channel isoform in the ECs.

Activation of endothelial Kir channels by extracellular
K* dilates third-order mesenteric arteries

In the cerebral microvasculature, increasing extracellular
K" dilates small arteries by activating Kir currents in the
SMCs, thereby hyperpolarizing them (Nelson & Quayle,
1995). Whether activation of endothelial Kir channels by
external K™ can relax the SMCs and dilate the arteries
is not known. We hypothesized that activation of end-
othelial Kir channels by external K™ leads to vasodilatation
of mesenteric arteries. Intravascular pressure was elevated
to 80 mmHg, which causes these arteries to constrict by
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NS309 (1 pM) > 5 161
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°&H 121
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B emmk-pss, 8 +NS309, 1 uM 8
Figure 2. Barium does not affect Control 61 /\“‘\
endothelial intermediate and small
conductance potassium (IK and SK) 41 41
channel currents 2 1 2
The perforated patch configuration was mv__ o - mv__ . .
used to study the effect of Ba2* on IK and _150/45(_—5}) v 50 _150 —109’ —50 v 50
SK currents in freshly isolated ECs. A, a =21 -2
representative trace showing continuous L 4 L 41
current recording at physiological membrane EQ_ Y i g1
potential (—50 mV) in a freshly isolated EC.
NS309 (1 um) increased the outward K+ + NS309 8 - +NS309 + Ba2*, 100 pM 8
current that was completely inhibited by a +Ba?*, 100 pM 1 +ChTx, 200 nM 6
combination of charybdotoxin (ChTx; 6 W +Apa, 300 nM
200 nwm) and apamin (Apa; 300 nv; n = 6 4 1 41
ECs). B, representative current recordings in 2 | 2
the ECs in response to 250 ms ramps from mV mV |
—140 to +50 mV. C, averaged outward - N U ) _ 07::_ | 5
current at 0 mV in response to NS309 before _150’;19({ =50 -2 1 50 15 100 =50 -2 1 %0
(Control) and after addition of Ba2* (n = 4 Loy ":\'5_ 4
ECs; P = 0.8583 using Student’s paired i 6 Y 6

t test).
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~25% (Sonkusare etal. 2012,2014b). Elevation of external
Kt from 6 to 14 mm dilated the mesenteric arteries, and
this dilatation was inhibited by the Kir channel inhibitors
Ba’" and ML-133 (Fig. 4A and B). Removal of the EC
layer eliminated the dilatation in response to 14 mMm
K* (Fig. 4C), confirming that endothelial Kir channels
mediate the K*-induced vasodilatation in the mesenteric
arteries. K™-induced dilatations were not affected by
inhibitors of TRPV4 (HC-067047), IK (ChTx) and SK
(apamin) channels (Fig. 4D). Moreover, the dilatations in
response to 14 mMm K* were absent in the arteries from
EC-Kir2.17/~ mice, supporting the idea that endothelial
Kir2.1 channels are the main contributors to K™ -induced
dilatation in the mesenteric arteries (Fig. 4E and F). These
results indicate that activation of EC Kir channels leads to
vasodilatation that is independent of IK, SK and TRPV4
channels.

Endothelial Kir channels amplify the vasodilatations
in response to muscarinic receptor, TRPV4 and IK/SK
channel agonists

Our results demonstrate that activation of EC Kir2.1
channels by external K™ can cause vasodilatation. Kir2.1
channels are also activated by membrane potential hyper-
polarization. Therefore, any endothelium-dependent
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vasodilatory pathway that leads to activation of IK/SK
channels should engage Kir channels through membrane
potential hyperpolarization and, possibly, through peri-
vascular KT accumulation (Edwards et al. 1998). We,
therefore, tested the effects of Kir channel inhibitors on
dilatations in response to synthetic activators of IK and
SK channels, NS309. Vasodilatations in response to NS309
(0.3-1.0 um) were greatly reduced by Ba>* (Fig. 5A and B)
or ML-133 (Fig. 5C). Interestingly, higher concentrations
0of NS309 (2 uM) were able to dilate the mesenteric arteries
completely in the presence of Ba*" or ML-133 (Fig. 5),
supporting the concept that EC Kir channels amplify the
effects of IK/SK channel activation.

We recently showed that IK and SK channels
are downstream mediators of the vasodilatations in
response to the TRPV4 channel activator GSK101
and the muscarinic receptor agonist CCh (Sonkusare
et al. 2012, 2014a,b). Inhibiting Kir channels should
therefore attenuate the EDH—dilatation via the muscarinic
receptor—TRPV4-IK/SK pathway. To examine the
possibility that EDH signalling is boosted by Kir channel
activation, we tested the effects of Kir channel inhibitors
Ba’" and ML-133 on vasodilatation in response to
muscarinic receptor stimulation (CCh, 0.3-10 uM) and
direct TRPV4 channel activation (3—10 nm GSK1016790A
or GSK101). Dilatations in response to CCh and GSK101

A _ C ChTx, 200 nM
60 mM K* PSS 4 gl isr\(/?gkj FES%
2 BaZ*, 100 uM
mV J I 60 mM K* PSS
e ) R
—150vwv= =50 ] 50
5 o] 50 mV
3 4] 50 pA L_
— Control 2 min
Ba2+ 1
— Kir current —6 1 Figure 3. Kir2.1 channels are the major
Kir channel isoform in ECs
Kir currents were recorded using the
perforated patch configuration of the
B N v patch-clamp technique in ECs from
o 6\(;\\Q’ ‘\‘1;\ third-order me_senteric arteries. _
6\ 0.._0 o,‘{~\ A, representative current traces in an EC
™ O < < from an EC-Kir2.1~/= mouse. The Kir
EQ- 0 v currents were calculated as the difference
g . }: between the traces before and after
2 5 ¢ addition of Ba?*. B, a scatter plot
s é 1 ¢ compares the current densities at
I —140 mV between the ECs from the
‘:IE ~10 - * ¢ C57BL6 mice, floxed Kir2.1 mice, and
= EC-Kir2.1~'= mice (n = 5-12 ECs;
g . * *P < 0.001 using One-Way ANOVA).
3 151 L ] C, NS309 was used to evoke outward
S * Ee— IK/SK currents to confirm that the cell

being studied was an EC.
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were inhibited by Ba®* (Fig. 6A—C) and ML-133 (Fig. 6D),
indicating that Kir channels are involved in the CCh- and
TRPV4-induced vasodilatations. Higher concentrations of
GSK101 (10 nm) or CCh (10 M) were able to dilate the
arteries completely (Fig. 6A—C), supporting the concept
that EC Kir channels act as boosters of EC-dependent
vasodilatators. The vasodilatations in response to CCh,
GSK101 and NS309 were also attenuated in the mesenteric
arteries from the EC-Kir2.1~/~ mice (Fig. 6E), confirming
that Kir2.1 channels are required for vasodilatation
in response to the muscarinic receptor—-TRPV4-IK/SK
pathway at lower levels of activation. These results also
implied that Kir2.1 channels are downstream from the IK
and SK channels in this vasodilatory signalling pathway.

The function of endothelial Kir channels is not altered
in angiotensin ll-induced hypertension

Although functional Kir channels have been shown in
the ECs from several vascular beds (von Beckerath et al.
1996; Crane et al. 2003; Fang et al. 2005, 2006; Jackson,

A Ba2* (100 pM)
GSK —101 (nM

14 mM K K* PSS
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2005; Climent et al. 2011), it is unclear whether end-
othelial dysfunction in hypertension is associated with
a reduced function of endothelial Kir channels. Pre-
vious studies have shown a reduced expression of Kir2.1
channels (Weston et al. 2010) in mesenteric artery homo-
genates and an impaired K*-induced hyperpolarization
(Goto et al. 2004) in the mesenteric arteries from SHRs.
Given that EC Kir channels are downstream boosters in
the TRPV4-IK—Kir vasodilatory pathway, we evaluated the
Kir channel function in Ang II-induced hypertension.
C57BL6 mice were infused with Ang II (1.4 mg kg™’
day ') for 3 weeks (Kharade et al. 2013; Sonkusare et al.
2014b), using osmotic minipumps as we have done pre-
viously. The Kir currents were studied in freshly iso-
lated ECs from mesenteric arteries from normal (NT)
and hypertensive (HT) mice. The Kir current densities
at —140 mV were not different between the ECs
from NT and HT mice (Fig. 7A), suggesting that the
function of endothelial Kir channels is not affected in
this form of hypertension. To confirm that the loss of
endothelium-dependent vasodilatation in hypertension

B
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Figure 4. Endothelial Kir channels dilate mesenteric arteries in response to an increase in extracellular

K+

The effect of external K* on arterial diameter was studied in the small mesenteric arteries constricted by intra-
vascular pressure (80 mmHg). Representative diameter traces show the effect of 14 mm K* on arterial diameter
in control conditions (A), in the presence of Ba?* (4) and ML-133 (B), in endothelium-denuded arteries (C), in the
presence of SK/IK and transient receptor potential vanilloid 4 (TRPV4) channel inhibitors (D) and in arteries from
EC-Kir2.1~/= mice (). The K*-induced dilatations were absent in endothelium-denuded arteries and in the arteries
from the EC-Kir2. 1=/~ mice. F, the bar graph shows the averaged data for K*-induced dilatations in C57BL6 and
EC-Kir2.1~/= mice (n = 4-9 arteries; *P < 0.05 compared with Control using one-way ANOVA).
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does not involve a dysfunction of endothelial Kir channels,
we studied K'-induced dilatation in the mesenteric
arteries from NT and HT mice. The dilatations induced by
K™ (14 mMm) were also unaffected in the arteries from HT
mice (Fig. 7Band C). The myogenic tone was not different
between the arteries from NT and HT mice (27.6 + 1.2
and 28.5 £ 1.5% in NT and HT mice, respectively).
These results suggest that the function of endothelial Kir
channels is unaffected in Ang II-induced hypertension.

Discussion

Our results support the concept that any endothelium-
dependent vasodilator (e.g. acetycholine) that elevates
intracellular Ca’" and hyperpolarizes the endothelium
through the activation of IK and SK channels will engage
EC Kir channels to boost their signal strength (Fig. 8).
The hyperpolarization (charge) spreads through myo-
endothelial gap junctions to hyperpolarize and relax
the adjacent smooth muscle through deactivation of
voltage-dependent calcium channels (Sandow et al. 2006;
Dora, 2010). The hyperpolarization may also spread
through gap junctions to adjacent ECs to cause a
regenerating electrical signal to promote a propagating
vasodilatation (‘vasoconduction’; Welsh & Segal, 1998;
Emerson & Segal, 2000).

Strong inward rectifier K* (Kir2) in ECs

Kir channels have been well characterized in smooth
muscle cells in different vascular beds, including cerebral
and coronary arteries (Quayle et al. 1997). Based on
biophysical properties and genetic knockout studies, the
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Kir2.1 subtype appears to be crucial for Kir channel
function in the SMCs from cerebral arteries (Bradley et al.
1999; Zaritsky et al. 2000). However, Kir channels are not
uniformly expressed in vascular smooth muscle; SMCs of
mesenteric arteries do not express Kir channels (Crane
et al. 2003; Smith er al. 2008; Fig. 1).

Although Kir channel currents have been measured in
cultured ECs (Olesen et al. 1988; Zhang et al. 1994; Jacobs
et al. 1995; Jow & Numann, 1998; Romanenko et al. 2002;
Fang et al. 2005), there have been few measurements of
Kir channel properties in native ECs. Barium-sensitive
Kir currents were shown in the ECs from rat mesenteric
arteries (Crane et al. 2003; Smith et al. 2008) and hamster
cremaster arterioles (Jackson, 2005). Endothelial cells
from rat pulmonary arteries (Hogg et al. 2002) and
descending vasa recta (Cao et al. 2007) also displayed Kir
currents. It was suggested that Kir channels maintain the
resting membrane potential in the endothelium from rat
mesenteric arteries (Climent et al. 2011). The biophysical
properties (strong rectification and shift in activation
curve with external K; Fig. 1) and pharmacology (block
by low Ba*" concentrations and ML-133; Fig. 1) of Kir
currents strongly support the idea that Kir2 channels
underlie the membrane currents reported in the pre-
sent study. In the rat mesenteric artery homogenates,
messenger RNAs for Kir2.1, Kir2.2 and Kir2.4 were
detected (Goto et al. 2004). Another study confirmed the
expression of the Kir2.1 channel at the protein level in rat
mesenteric arteries, but did not probe for other channel
isoforms (Weston et al. 2010). Our results demonstrating
that the inward rectifier currents are substantially reduced
in the EC-Kir2.17/~ mice (Fig. 3) suggest that Kir2.1 is
the crucial isoform for functional Kir channels in the ECs.
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06 06t 28 60
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€ 64 um S 2 . Figure 5. Endothelial cell Kir channels also
E e 20 ] mediate vasodilatation in response to the IK
210 min o 0 and SK channel opener NS309
0.3 06 1020 Arterial diameters were recorded in third-order
NS309 (uM) mesenteric arteries constricted by intravascular
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pressure (80 mmHg). NS309 was used to activate
IK/SK channels. The figure shows a representative
diameter trace (A) and averaged data (B) for
NS309-induced vasodilatation of third-ordered
mesenteric arteries in the presence or absence of
BaZt (n = 4-12 arteries; *P < 0.05 using one-way
ANOVA). C, averaged diameter data for
NS309-induced dilatations in the presence or
absence of ML-133 (n = 3-12 arteries; *P < 0.05
using one-way ANOVA). A representative trace for
the effect of ML-133 on NS309-induced dilatation
is shown in Fig. 6D.
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Out of the 11 ECs from four EC-Kir2.1~/~ mice, two ECs
showed Kir currents in the normal range (Fig. 3B). This
could be explained by the following factors: (i) less than
100% efficiency of Cre excision on the lox pair; and (ii) a
compensatory upregulation of another Kir2.x channel iso-
form in these cells. In sharp contrast to the cells from the
knockdown mice, 100% of the ECs from C57BL6 mice
(12 ECs from eight mice) showed robust Kir currents.
It is surprising that the Kir currents were substantially
reduced with elimination of only one Kir isoform, mainly
because the expression of at least three different Kir iso-
forms has been detected previously. This result brings
about two possibilities: (i) only the Kir2.1 isoform forms
functional channels in the ECs; and (ii) different Kir
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isoforms form heteromultimers, but the presence of
Kir2.1 is crucial for forming heteromultimers that make
a functional channel. Indeed, heteromultimeric inter-
actions have been demonstrated between many different
Kir channels (Glowatzki et al. 1995; Fakler et al. 1996;
Pessia et al. 1996; Schram et al. 2002).

Mechanism of activation of EC Kir channels

Our previous results indicate that the muscarinic receptor
agonists, such as carbachol, only activate TRPV4 channels
at the myoendothelial projections in mesenteric arteries
(Sonkusare et al. 2014b) and that Ca?* influx through
TRPV4 channels at MEPs primarily activates co-localized
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the presence or absence of Ba*. Averaged data
summarize the effect of Kir channel inhibition with
BaZt on dilatations in response to CCh (B) and
GSK101 (C; n = 6 arteries; *P < 0.05 using one-way
ANOVA). The data are means & SEM.
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and averaged diameter data for CCh-, GSK101- and
NS309-induced dilatations in the mesenteric arteries
from EC-Kir2.1~/= mice (right; n = 4 arteries;

*P < 0.05 using one-way ANOVA).
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IK channels. Membrane potential hyperpolarization
through activation of IK and SK channels would engage
all Kir channels in the cell membrane. It has also
been proposed that Kir channels are activated by local
K* accumulation in restricted spaces between the end-
othelial and smooth muscle membranes (Edwards et al.
1998). However, endothelium-dependent vasodilators
only activate the TRPV4-IK pathway at MEPs; therefore,
if K accumulated it would only happen near MEPs. Our
estimation of the number of channels indicates that each
EC expresses ~144 functional Kir channels (see Methods
for the calculation of the number of channels). With a
cell surface area of ~1600 um?, this corresponds to an
extremely low channel density of one Kir channel per
11 ,u,rnz. Considering the low density of Kir channels, it
is likely that the primary activator of EC Kir channels
is membrane potential hyperpolarization. Membrane
hyperpolarization through IK/SK channels will activate
Kir channels throughout the EC membrane to boost vaso-
dilatory signals. Local K™ accumulation at MEPs could
contribute to this amplification; however, there is no
evidence to support this conjecture.

Potassium-induced vasodilatation in rat mesenteric
arteries preconstricted with phenylephrine has previously
been attributed to activation of Nat,K*-ATPase (Crane
et al. 2003; Smith et al. 2008). In rat femoral arteries
constricted with noradrenaline, both Kir channels and
Na®,K"-ATPase were required for the vasodilatation
in response to Kt (Savage et al. 2003). However, our
results demonstrating that the Kir channel inhibitors
almost completely inhibit K*-induced vasodilatation in
the arteries with myogenic tone and the K'-induced
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dilatation is absent in the arteries from EC-Kir2.1~/~ mice
(Fig. 4) suggest that endothelial Kir channels mediate
the vasodilatation in response to external K* in the mouse
small mesenteric arteries. Whether these differences in
the results could be explained by the method used to
constrict the arteries (phenylephrine/noradrenaline vs.
intravascular pressure) is not known. In the rat mesenteric
arteries, Dora & Garland (2001) reported that external K*
induces vasodilatation via Kir channels in the presence of
endothelium; results that are consistent with our findings.

Endothelial cell Kir channels and hypertension

We have previously shown that muscarinic receptor
stimulation activates TRPV4 channels through protein
kinase C anchored to A-kinase anchoring protein 150
(AKAP150) and that Ang II-induced hypertension
(3 weeks) leads to the loss of AKAP150, which is
concentrated at the MEPs. This loss of AKAPI50
uncouples TRPV4 channels from receptor activation, and
thereby cripples endothelium-dependent vasodilatation
(Sonkusare et al. 2014b). Our results indicate that Kir
channel function and K'-induced vasodilatation are
unaltered in Ang II-induced hypertension (Fig. 7), which
further supports the concept that the signalling elements
upstream of IK/SK channels in the TRPV4-IK/SK—Kir
pathway are involved in the endothelial dysfunction
in hypertension. This is different from what has been
reported for mesenteric arteries in SHRs. Weston et al.
(2010) indicated that expression of the Kir2.1 channel
is decreased at the protein level in whole-artery homo-
genates from mesenteric arteries of SHRs. Another study

Figure 7. The function of endothelial Kir
channels is unaffected in angiotensin
ll-induced hypertension

Kir currents were recorded using the perforated
patch configuration of the patch-clamp technique
in ECs from third-order mesenteric arteries. Arterial
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diameter measurements were performed in
third-order mesenteric arteries constricted by
intravascular pressure (80 mmHg). A
BaZt-sensitive Kir currents in the ECs from normal
(NT) and hypertensive (HT) mice. The bar graph
summarizes Kir current densities at —140 mV (n =
8-10 cells; P = 0.8403 using Student’s t test). B, a
representative diameter trace in a third-order
mesenteric artery from a HT mouse. The bar graph
(O) shows summarized diameter data in the
arteries from NT and HT mice (n = 4-9 arteries;

P = 0.5895 using Student’s unpaired t test).
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demonstrated a key role for EC Kir channels in conducted
vasodilatation in mesenteric arteries from normotensive
control rats but not from SHRs. Moreover, the
K*-induced, endothelium-dependent hyperpolarization
of SMCs was absent in the arteries from SHRs (Goto
et al. 2004). These studies indicate impairment in the
expression and function of endothelial Kir channels in the
arteries from SHRs. There is no evidence on impairment of
endothelial Kir channel function in a non-genetic model
of hypertension, and our results reveal unaltered Kir
channel function in Ang II-induced hypertension. Tajada
et al. (2012) indicated small Kir currents in the SMCs
from the mesenteric arteries from BPN mice (Jackson
Laboratories). In that study, Tajada et al. (2012) also report
that the function of Kir channels is impaired in the SMCs
from hypertensive mice. We were unable to detect any
Ba’"-sensitive currents in the SMCs from small mesenteric
arteries from the C57BL6 mice. The strain differences in
Kir channel function could be one possible reason for the
divergence between the two studies.

Our results imply that endothelial Kir2.1 channels
are crucial downstream amplifiers for the vasodilatory
signals in response to increase in endothelial Ca**
and activation of IK/SK channels. Circulating factors
and mechanical stimuli that increase endothelial Ca*"
may recruit Kir2.1 channels to regulate the blood flow.
Although the function of endothelial Kir2.1 channels is not
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Figure 8. Endothelial Kir channels boost the dilatations to
endothelial vasodilators

Activation of inositol trisphosphate receptors (IP3Rs) or TRPV4
channels increases endothelial Ca?*, which activates IK/SK channels.
The ensuing K* efflux from the ECs and membrane
hyperpolarization can activate endothelial Kir channels, which
provide a hyperpolarization boost and amplify the vasodilatory
signal. Abbreviations: AKAP150, A-kinase anchoring protein 150;
PKC, protein kinase C.
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altered in Ang II-induced hypertension, it remains to be
seen whether these channels are affected in other vascular
disorders and other forms of hypertension. Indeed, it
has been shown that hypercholesterolaemia suppresses
Kir channel function in the aortic endothelium (Fang
etal. 2006). Endothelial Kir2.1 channels could therefore be
targeted to treat endothelial dysfunction and impairment
of tissue perfusion in vascular disorders.
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