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Background and Purpose: KV1.3 channels are expressed in vascular smooth muscle

cells (VSMCs), where they contribute to proliferation rather than contraction and

participate in vascular remodelling. KV1.3 channels are also expressed in macro-

phages, where they assemble with KV1.5 channels (KV1.3/KV1.5), whose activation

generates a KV current. In macrophages, the KV1.3/KV1.5 ratio is increased by

classical activation (M1). Whether these channels are involved in angiotensin II

(AngII)-induced vascular remodelling, and whether they can modulate the macro-

phage phenotype in hypertension, remains unknown. We characterized the role of

KV1.3 channels in vascular damage in hypertension.

Experimental Approach: We used AngII-infused mice treated with two selective

KV1.3 channel inhibitors (HsTX[R14A] and [EWSS]ShK). Vascular function and

structure were measured using wire and pressure myography, respectively. VSMC

and macrophage electrophysiology were studied using the patch-clamp technique;

gene expression was analysed using RT-PCR.

Key Results: AngII increased KV1.3 channel expression in mice aorta and peritoneal

macrophages which was abolished by HsTX[R14A] treatment. KV1.3 inhibition did

not prevent hypertension, vascular remodelling, or stiffness but corrected

AngII-induced macrophage infiltration and endothelial dysfunction in the small

mesenteric arteries and/or aorta, via a mechanism independent of electrophysiologi-

cal changes in VSMCs. AngII modified the electrophysiological properties of perito-

neal macrophages, indicating an M1-like activated state, with enhanced expression

of proinflammatory cytokines that induced endothelial dysfunction. These effects

were prevented by KV1.3 blockade.

Abbreviations: [EWSS]ShK, mutant toxin present in the sea anemone Stichodactyla helianthus; AngII, angiotensin II; DEA-NO, diethylamine NONOate; EDHF, endothelium-derived

hyperpolarizing factor; Em, membrane potential; HsTX[R14A], mutant toxin present in the scorpion toxin HsTX1 from Heterometrus spinnifer; KHS, Krebs–Henseleit solution; M1, classical

activation; M2, alternative activation; VSMCs, vascular smooth muscle cells.
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Conclusions and Implications: We unravelled a new role for KV1.3 channels in the

macrophage-dependent endothelial dysfunction induced by AngII in mice which

might be due to modulation of macrophage phenotype.
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1 | INTRODUCTION

Potassium channel activity is an important determinant of vascular

tone by regulating membrane potential (Em) in vascular smooth mus-

cle cells (VSMCs). Activation of K+ channels leads to membrane hyper-

polarization, which results in reduced Ca2+ influx through L-type Ca2+

channels, and consequently, arterial relaxation, whereas their inhibi-

tion causes membrane depolarization and subsequent vasoconstric-

tion (Cogolludo & Perez-Vizcaino, 2010; Jackson, 2018; Nelson &

Quayle, 1995). Voltage-dependent potassium channels (KV channels)

are postulated to be major determinants of vascular tone

(Jackson, 2018). Among them, the KV1.5 channels are predominantly

expressed in most conduit and resistance vessels, including portal

vein, pulmonary arteries, renal arteries, aorta, and coronary arteries

from rodents and humans (Clement-Chomienne et al., 1999;

Cogolludo et al., 2006), and their impairment is associated with

several cardiovascular diseases, such as hypertension, diabetes, and

pulmonary hypertension (Jackson, 2018). In addition to KV1.5 chan-

nels, KV1.3 channels are also expressed in VSMCs, and experimental

evidence suggests that they have a significant contribution in prolifer-

ation (Bobi et al., 2020; Cidad et al., 2010; Perez-Garcia et al., 2018).

In fact, the ratio of KV1.3/KV1.5 channel expression has been pro-

posed as a marker of the VSMC phenotype (contractile/proliferative)

(Perez-Garcia et al., 2018). Thus, it has been suggested that increased

KV1.3 and diminished KV1.5 expression plays a role in vascular

remodelling in different pathologies (Perez-Garcia et al., 2018).

Whether these channels are involved in angiotensin II (AngII)-induced

vascular remodelling and mechanical alterations remains unknown.

Macrophage functions depend on extracellular signal transduc-

tion. Some of these interactions involve changes in transmembrane

ion fluxes that, in turn, modulate the network of intracellular signal-

ling, that is, Ca2+ fluxes. Experimental evidence indicates that in mac-

rophages, KV currents are carried by heterotetrameric KV1.3/KV1.5

channels (Moreno et al., 2013; Vicente et al., 2006; Villalonga

et al., 2010). Different stimuli may change the stoichiometry of these

heterotetrameric KV channels. Thus, proliferation and classical activa-

tion (M1) of macrophages increase the KV current by (a) increasing the

KV1.3/KV1.5 ratio and/or (b) forming a certain degree of KV1.3 homo-

tetramers. However, alternative activation (M2) decreases the hetero-

tetrameric channel ratio (Moreno et al., 2013; Villalonga et al., 2010).

The activation of these macrophages may change the micro-

environment and, thus, modify the functions of different tissues. The

KV1.3 channel is widely regarded as a therapeutic target for immuno-

modulation in autoimmune diseases. Thus, several KV1.3 inhibitors are

under development as therapeutic agents. Among them, there are

synthetic analogues derived from the KV1.3-blocking peptide present

in the sea anemone Stichodactyla helianthus toxin ([EWSS]ShK) and

from the scorpion toxin Heterometrus spinnifer (HsTX1) and its deriva-

tives, such as HsTX[R14A]. Therefore, these peptides, which are

highly selective KV1.3 channel blockers, are potential candidates for

the treatment of autoimmune diseases such as multiple sclerosis and

What is already known

• KV1.3 channels contribute to vascular smooth muscle cell

proliferation and macrophage activation.

What this study adds

• KV1.3 channel expression is increased in aorta and perito-

neal macrophages from angiotensin II-induced hyperten-

sive mice.

• KV1.3 channel blockade prevents AngII-induced endothe-

lial dysfunction and normalizes altered macrophage acti-

vation and vascular infiltration.

What is the clinical significance

• KV1.3 blockers would be potentially attractive candidates

for the treatment of autoimmune and vascular diseases.
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rheumatoid arthritis, and some of them are currently involved in clini-

cal trials (Chang et al., 2015; Rashid et al., 2014; Tanner et al., 2017).

Consistent data indicate that cells from the innate and adaptive

immune systems play a role in hypertension and hypertension-

associated target organ damage by infiltrating vessels, kidneys, heart,

and brain where they produce various proinflammatory cytokines and

chemokines (Caillon et al., 2019; Drummond et al., 2019; Norlander

et al., 2018). At the vascular level, this low-grade inflammatory milieu

facilitates increased oxidative stress and decreased NO bioavailability,

which leads to vasoconstriction and endothelial dysfunction, and

increases collagen synthesis resulting in stiffening of the vessels and

remodelling (Caillon et al., 2019; Drummond et al., 2019; Norlander

et al., 2018). Specifically, enhanced macrophage infiltration has been

found in several models of hypertension including that induced by

infusion of angiotensin II (AngII) in mice (reviewed in Caillon

et al., 2019; Drummond et al., 2019; Norlander et al., 2018). More-

over, a causal role for monocytes and macrophages in the develop-

ment of hypertension, vascular remodelling, and endothelial

dysfunction has been previously shown (De Ciuceis et al., 2005; Ko

et al., 2007; Kossmann et al., 2014; Wenzel et al., 2011). However,

the role of KV1.3 channels in macrophages in hypertension-associated

vascular damage is unknown.

The aim of this study was to characterize the role of KV1.3 chan-

nels in vascular damage in hypertension. We used selective inhibitors

of KV1.3 channels to evaluate VSMC and macrophage electrophysiol-

ogy, vascular function and remodelling, and macrophage phenotype.

2 | METHODS

2.1 | Animal models

2.1.1All animal care and experimental procedures were approved by

the Ethical Committee of Research of the Universidad Autónoma de

Madrid and Dirección General de Medio Ambiente, Comunidad de

Madrid, Spain (PROEX 345/14). Animals were taken care of and used

according to the Spanish Policy for Animal Protection RD53/2013,

which meets the European Union Directive 2010/63/UE on the pro-

tection of animals used for experimental and other scientific purposes.

The experiments were conducted in accordance with the National

Institutes of Health (NIH) Guide for the Care and Use of Laboratory

Animals. Animal studies are reported in compliance with the ARRIVE

guidelines (Percie du Sert et al., 2020) and with the recommendations

made by the British Journal of Pharmacology (Lilley et al., 2020). The

animal studies complied with the 3Rs.

All mice were bred at the conventional Animal Care Facility of the

Faculty of Medicine, Universidad Autónoma de Madrid (UAM) under

controlled conditions at 25�C in a 12-h light/dark cycle, with ad

libitum access to water and food. Animals were housed in groups of

three to four in standard polypropylene cages containing rich bedding

made of dried wood chips.

Alzet osmotic minipumps (Alza Corp., Cupertino, CA, USA;

2002 model), delivering AngII (1.44 mg�kg−1�day−1) were implanted

subcutaneously for 2 weeks into 3-month-old male C57BL6/J mice

(weight 25–30 g). For the implantation of osmotic minipumps,

the mice were anaesthetized with isoflurane inhalation (2%).

Anaesthetic depth was confirmed by loss of blink reflex and/or

lack of response to tail pinch. The procedure took approximately

15 min per mouse. Recovery after surgical procedures was

performed using aseptic techniques in a dedicated approved surgi-

cal area. Analgesics (buprenorphine, 0.05 mg�kg−1, s.c.) were admin-

istered immediately after surgery to prevent discomfort. The

animals were kept warm in a heating pad until awake after surgery

and observed carefully by the investigators throughout the post-

surgery period.

The selective KV1.3 channel inhibitors HsTX[R14A] and [EWSS]

ShK (Chang et al., 2015; Rashid et al., 2014) or the solvent were

injected subcutaneously into control and AngII-treated mice

(100 μg�kg−1 per injection), every second day for 15 days, starting the

day before AngII infusion, according to previous studies (Bergmann

et al., 2017; Upadhyay et al., 2013). BP was measured using tail-cuff

plethysmography. The animals were trained by observers, who were

unaware of the vascular experiments for 1 week prior to the final BP

measurements. Measurements were always performed at the same

time of the day. Five individual observations were performed and

averaged for each animal.

Male AngII-infused mice were used, as this is a good model for

hypertension that resembles some forms of human hypertension

(Lerman et al., 2019), without interference from the effects of female

hormones or the oestrous cycle. Animals were randomly distributed in

the different experimental groups with each group having the same

number of animals by design. The mice were labelled by an operator

unaware of the nature of the experiments. We did not utilize statisti-

cal methods to predetermine sample or group sizes, and the number

of animals used was estimated from our previous experience with this

animal model. Investigators for outcome assessments were not

blinded to group allocation.

2.1.1 | Tissue preparation and isolation of
intraperitoneal macrophages

The mice were killed with CO2. Aorta, perivascular adipose tissue,

and first-order branches of the mesenteric artery were removed

and placed in cold (4�C) Krebs–Henseleit solution (KHS) with the

following composition (in mmol�L−1): 115 NaCl, 25 NaHCO3, 4.7

KCl, 1.2 MgSO4�7H2O, 2.5 CaCl2, 1.2 KH2PO4, 11.1 glucose, and

0.01 Na2EDTA, bubbled with a 95% O2–5% CO2 mixture

(pH = 7.4).

Intraperitoneal macrophages from control, AngII, AngII + [EWSS]

ShK, and AngII + HsTX[R14A] mice were obtained in PBS (Khemili

et al., 2019; Zhang et al., 2008) and cultured in DMEM, supplemented

with 10% FBS, 100 IU�ml−1 penicillin, 100 μg�ml−1 streptomycin, and

10 mmol�L−1 L-glutamine, for 24 h. Macrophage-conditioned media

were collected and stored at −80�C. The mRNA and protein from

macrophages were obtained and quantified.
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Vascular function, structure, and mechanics were analysed on the

same day. Other vascular segments were immediately frozen in liquid

nitrogen and stored at −70�C until further processing for gene

expression.

2.2 | Quantitative RT-PCR assay

The different mRNAs were determined in mouse aortic segments

(containing adventitial cells, VSMCs, and endothelial cells), peri-

vascular adipose tissue, or macrophages by qRT-PCR. Total RNA was

extracted using TRI Reagent according to the manufacturer's recom-

mendations. A total of 1 μg of RNA was reverse-transcribed into

cDNA using a High-Capacity cDNA Archive Kit (Invitrogen Life

Technologies) with random hexamers. qPCR was performed in a 7500

Fast ABI System (Invitrogen Life Technologies) using commercial

mouse primers (Table S1).

PCR cycle programs were as follows: initial denaturation for

30 s at 95�C, followed by 40 cycles at 95�C for 5 s, and 60�C for

30 s. Melting curve analysis was performed in SYBR green reac-

tions to show PCR product specificity. To ensure the reliability of

the qRT-PCR values, samples were analysed in duplicate. Data

analysis and data presentation were performed using the average

of the duplicated values of each sample. To calculate the relative

index of gene expression, we employed the 2−ΔΔCt method, where

β2-microglobulin served as the internal control, using untreated

samples from control mice as the calibrator. Thus, the PCR data

were normalized to the mean values of the control group to

minimize variation.

2.3 | Pressure myography

The structural and mechanical properties of the small mesenteric

arteries were studied using a pressure myograph (Danish Myo

Tech, Model P100, J.P. Trading I/S, Aarhus, Denmark) as previously

described (Briones et al., 2003). Vessels were placed on two glass

microcannulae and secured with surgical nylon sutures. After each

small branch was tied off, the vessel length was adjusted so that

the vessel walls were parallel without stretching. Intraluminal pres-

sure was subsequently raised to 120 mmHg, and the artery was

unbuckled by adjusting the cannulae. The segment was then set to

a pressure of 45 mmHg and allowed to equilibrate for 30 min at

37�C in calcium-free KHS (0Ca2+; omitting calcium and adding

1 mmol�L−1 EGTA) with intravascular and extravascular perfusion,

gassed with a mixture of 95% O2 and 5% CO2. Intraluminal pres-

sure was reduced to 3 mmHg. A pressure–diameter curve was

obtained by increasing intraluminal pressure in 20 mmHg steps

from 3 to 120 mmHg. Internal and external diameters (Di0Ca, De0Ca)

were continuously measured under passive conditions for 3 min at

each intraluminal pressure. The final value used was the mean of

the measurements taken during the last 30 s when the measure-

ments reached a steady state.

2.3.1 | Calculation of passive structural and
mechanical parameters

From internal and external diameter measurements in passive condi-

tions, the following structural and mechanical parameters were

calculated:

Wall thickness WTð Þ= De0Ca−Di0Cað Þ=2,

Wall : lumen= De0Ca−Di0Cað Þ=2Di0Ca:

Circumferential wall strain (ε) = (Di0Ca − D00Ca)/D00Ca, where

D00Ca is the internal diameter at 3 mmHg and Di0Ca is the observed

internal diameter for a given intravascular pressure both measured in

0Ca2+ medium.

Circumferential wall stress (σ) = (P × Di0Ca)/(2WT), where P is the

intraluminal pressure (1 mmHg = 1.334 × 103 dynes�cm−2) and WT is

the wall thickness at each intraluminal pressure in 0Ca2+-KHS.

The arterial stiffness independent of the geometry was deter-

mined by the Young's elastic modulus (E = stress/strain). The stress–

strain relationship is non-linear; therefore, it is more appropriate to

obtain a tangential or incremental elastic modulus (Einc) by determin-

ing the slope of the stress–strain curve (Einc = δσ/δε). Einc was

obtained by fitting the stress–strain data from each animal to an expo-

nential curve using the equation: σ = σorige
βε, where σorig is the stress

at the original diameter (diameter at 3 mmHg). Taking derivatives of

the equation, we determined that Einc = βσ. For a given σ-value, Einc is

directly proportional to β. An increase in β implies an increase in Einc,

which indicates an increase in stiffness.

2.4 | Aortic wall thickness

OCT-embedded aortic sections were stained with the nuclear dye

DAPI (Thermo Fisher Scientific) for 10 min followed by washing with

PBS. The media thickness of each aorta was measured using ImageJ

software (NIH, Bethesda, MD, USA).

2.5 | Wire myography

Reactivity of the mouse aorta and small mesenteric arteries was

studied using a wire myograph. After a 30-min equilibration period in

oxygenated KHS, arterial segments were stretched to their optimal

lumen diameter for active tension development. Contractility of the

segments was then tested by an initial exposure to a high-K+ solution

(K+-KHS, 120 mmol�L−1). The presence of endothelium was deter-

mined by the ability of 10 μmol�L−1 ACh to relax arteries

precontracted with phenylephrine at approximately 50% of K+-KHS

contraction. Arteries were discarded if K+-KHS response was

≤0.5 mN�mm−1 or relaxed ≤20% to ACh. Next, a single concen

tration–response curve to ACh (1 nmol�L−1 to 30 μmol�L−1) and the

NO donor diethylamine NONOate (DEA-NO, 1 nmol�L−1 to
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30 μmol�L−1) was obtained for phenylephrine or U46619

precontracted aorta and mesenteric arteries, respectively.

In another set of experiments, we investigated the involvement

of endothelium-derived hyperpolarizing factor (EDHF) in the

ACh-induced responses of small mesenteric arteries in control, AngII,

and AngII + HsTX[R14A] mice. For this, we incubated the segments

with a combination of a non-selective NOS inhibitor nitro-L-arginine

methyl ester (L-NAME, 100 μmol�L−1) and a non-selective cyclooxy-

genase (COX) inhibitor indomethacin (10 μmol�L−1) for 30 min, so that

the remaining vasodilator response could be attributed to EDHF.

Next, a concentration–response curve to ACh was obtained in

U46619 precontracted arteries.

To minimize variation, vasodilator responses were expressed as a

percentage of the previous tone induced by phenylephrine or

U46619 in each case.

2.6 | Endothelial cell culture

Human microvascular endothelial cells (HMEC-1, ATCC®, Middlesex,

UK; CRL-3243™, RRID:CVCL_0307) were cultured according to the

manufacturer's instructions. At 80% confluence, the cells were serum-

deprived for 24 h before stimulation. Then endothelial cells were

stimulated with AngII (1 nmol�L−1 for 6 and 24 h). Control cells were

stimulated with vehicle. RNA was isolated, and qRT-PCR experiments

were performed as described above.

2.7 | Electrophysiology of VSMCs and peritoneal
macrophages

VSMCs from mouse aorta were isolated by enzymatic digestion as

previously described (Briones, Padilha, et al., 2009), and peritoneal

macrophages were obtained as stated above. In both cell types,

membrane currents were recorded with an Axopatch 200B and a

Digidata 1322A (Axon Instruments, Burlingame, CA, USA) using the

whole-cell configuration of the patch-clamp technique. VSMCs were

superfused with an (external) Ca2+-free HEPES solution with the

following composition (in mmol�L−1): 130 NaCl, 5 KCl, 1.2 MgCl2,

10 glucose, and 10 HEPES (pH 7.3 with NaOH) and a Ca2+-free

pipette (internal) solution containing (mmol�L−1): 130 KCl, 1.2 MgCl2,

5 Na2ATP, 10 HEPES, and 10 EGTA (pH adjusted to 7.3 with KOH).

Peritoneal macrophages were superfused with an external solution

(in mmol�L−1): 130 NaCl, 4 KCl, 1.8 CaCl2, 1 MgCl2, 10 HEPES, and

10 glucose (pH 7.40 with NaOH) and a Ca2+-free pipette (internal)

solution containing (mmol�L−1): 80 K-aspartate, 50 KCl, 3 phosphocre-

atine, 10 KH2PO4, 3 MgATP, 10 HEPES, and 5 EGTA (pH 7.25 with

KOH), as previously described (Moreno et al., 2013).

KV currents were evoked following the application of 200- or

250-ms depolarizing pulses from −60 to +20 mV in 10-mV incre-

ments in VSMCs or from −80 to +60 mV in 10-mV increments in

macrophages. To characterize the contribution of KV1.3 channels

to the total KV current in VMSCs, cells were exposed to the

selective inhibitor HsTX[R14A] (0.1 nmol�L−1). Currents were nor-

malized for cell capacitance and expressed in pA�pF−1. Membrane

potential was recorded under the current-clamp mode. All experi-

ments were performed at room temperature (22–24�C). To analyse

the electrophysiological effects of lipopolysacharide (LPS), perito-

neal macrophages were incubated with LPS (100 ng�ml−1) for 16 h.

After this, macrophages were removed from the plates and used

during the next 8 h. In another set of experiments, the acute

effects of AngII (0.1 μmol�L−1) were studied, applying the protocols

described above. After obtaining the control records, macrophages

were perfused with an external solution containing AngII

(0.1 μmol�L−1), and the same protocol was applied. We also

performed a set of experiments to confirm that the KV recorded in

peritoneal macrophages from AngII-treated mice was mostly due to

the activation of KV1.3 homotetramers or KV1.3/KV1.5

heterotetramers with a high proportion of KV1.3. Thus, we

performed in vitro incubation of macrophages from AngII-infused

mice with [EWSS]ShK (1 nmol�L−1) or HsTX[R14A] (0.1 nmol�L−1).
OriginPro 2018 (OriginLab Co.) and the Clampfit utility of

pClamp10 (RRID:SCR_011323) were used to perform least-squares

fitting and data presentation. To minimize variation of the

use-dependent decay observed during the application of trains of

depolarizing pulses, the peak current of each trace was expressed

versus the peak current generated after applying the first

depolarizing pulse of each train in macrophages.

2.8 | Immunocytochemistry of KV1.3 channels in
peritoneal macrophages

The Immuno-related procedures used comply with the recommenda-

tions made by the British Journal of Pharmacology (Alexander

et al., 2018). Peritoneal macrophages were seeded in 24-well multi-

well plates, in which a sterile circular glass coverslip had been placed

previously. The next steps of the protocol were carried out in a humid

chamber and between each step; the preparations were washed with

PBS. Macrophages were incubated with rabbit IgG polyclonal anti

KV1.3 (extracellular) antibody (1:150, APC-101, Alomone, RRID:AB_

2040149) for 24 h at 4�C. The primary antibody was diluted in

DMEM without serum or antibiotics. The cells were fixed in 4% para-

formaldehyde for 20 min at room temperature. A blocking solution

composed of PBS with 10% FBS (Gibco) was used for 45 min at room

temperature to reduce non-specific reactions. The goat Alexa

546 anti-rabbit IgG polyclonal antibody (1:500, A11035, Thermo

Fisher Scientific, RRID:AB_2534093) was used as the secondary anti-

body for 1 h at room temperature; the nuclear staining reagent DAPI

(1:1,000) was used for 5 min at room temperature. Both the second-

ary antibody and DAPI were diluted in the blocking solution. Cover-

slips were mounted using ProLong Live Antifade Reagent (Thermo

Fisher Scientific), examined using an LSM710 spectral confocal micro-

scope (Zeiss), and processed using ZEN2009 image acquisition (Zeiss).

When the incubation step with the anti-KV1.3 antibody was omitted,

no signal was detected, supporting the specificity of the primary
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antibody (negative control experiments). In addition, LPS-polarized

macrophages well known to express KV1.3 channels were used as

positive controls; their plasma membranes were successfully immuno-

stained with this anti-Kv1.3 antibody (positive control experiments)

(not shown). Fluorescence intensity was quantified using ImageJ soft-

ware (NIH, RRID:SCR_001935) without being blinded to the group

assignment.

2.9 | Ex vivo incubation of aortic segments with
macrophage-conditioned media

Healthy aortic segments from C57BL6/J mice were exposed to

macrophage-conditioned media for 20 h. The media were normalized

to total macrophage protein content. In some experiments, arteries

were co-incubated with the IL-1β antagonist anakinra (100 μg�ml−1)

or the selective COX-2 inhibitor celecoxib (1 μmol�L−1) in the

presence of AngII macrophage-conditioned media. Concentration–

response curves to ACh and DEA-NO were obtained for each

segment as described above.

2.10 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and analysis

in pharmacology (Curtis et al., 2018). Statistical analysis of the animal

studies and VSMC electrophysiology was performed using GraphPad

Prism Software (v7.04, RRID:SCR_002798). Statistical analysis of the

electrophysiological studies in macrophages was performed using SPSS

(v. 25, RRID:SCR_002865). All data are expressed as the mean ± SEM.

The number of biological replicates (n) is mentioned in the respective

figure legends or graphs. The declared group size is the number of these

biological replicates, and statistical analysis was performed using these

independent values. Statistical analysis was undertaken only for studies

in which each group size was at least n = 5. In some cases, group sizes

became unequal during the study owing to biological loss (i.e., death of

the mouse), technical failure, or presence of outliers that were excluded

using predefined criteria. Shapiro–Wilk normality test was used to

analyse he data distribution. Results were analysed using the

Mann–Whitney non-parametric test or the Student's t test where

appropriate (two-tailed), and one-way or two-way ANOVA followed by

Bonferroni's or Tukey's post hoc test. Adjusted Bonferroni's multiple

comparison post hoc tests were run when F achieved P < 0.05 and there

was no significant variance in homogeneity. The ROUT method using

GraphPad Prism software was used to exclude data from the analysis.

P values < 0.05 were considered significant.

2.11 | Materials

Unless specified otherwise, drugs and general reagents were obtained

from Sigma-Aldrich (Madrid, Spain). HsTX[R14A] and [EWSS]ShK

were kindly provided by Peptides International, Inc.; celecoxib was

generously provided by Pfizer Inc.; anakinra was purchased from SOBI

(Madrid, Spain).

All drugs were dissolved in water, except HsTX[R14A] and

[EWSS]ShK which were dissolved in P6N buffer (NaHPO4

10 mmol�L−1, NaCl 0.8%, Tween-20 0.05%, pH 6.0) and celecoxib

which was dissolved in DMSO. Further dilutions were performed

using distilled water.

2.12 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-

OGY (http://www.guidetopharmacology.org) and are permanently

archived in the Concise Guide to PHARMACOLOGY 2019/20

(Alexander, Fabbro et al., 2019; Alexander, Mathie et al., 2019).

3 | RESULTS

3.1 | AngII increases expression of vascular KV1.3
channels: contribution of KV1.3 channels to vascular
remodelling and stiffness

Two weeks of AngII infusion increased aortic Kcna3 mRNA expres-

sion, which was abolished by HsTX[R14A] treatment (Figure 1a).

Kcna5 expression tended to increase after AngII and was not modified

by HsTX[R14A] treatment (Figure 1a). We then tested the role of

KV1.3 channels in AngII-induced vascular remodelling and mechanical

alterations by co-treating AngII-infused mice with two highly selective

KV1.3 blockers, HsTX[R14A] and [EWSS]ShK (Chang et al., 2015;

Rashid et al., 2014). As shown in Figure 1b, HsTX[R14A] did not mod-

ify AngII-induced hypertension. As expected, AngII induced aortic

hypertrophy (Figure 1c) and inward remodelling of small mesenteric

arteries (indicated by decreased lumen diameter and increased wall

thickness and wall:lumen ratio) and increased vascular stiffness

(indicated by diminished strain, leftwardshift of stress–strain relation-

ship and increased β value) (Figure 1d,e). These changes were not

affected by HsTX[R14A] treatment (Figure 1c–e). Similarly, [EWSS]

ShK treatment did not modify AngII-induced hypertension or vascular

remodelling and stiffness (Figure S1). Neither HsTX[R14A] nor [EWSS]

ShK altered BP or vascular Kcna3 and Kcna5 expression in control

mice (data not shown).

3.2 | Blockade of KV1.3 channels improves
endothelial function in AngII-infused mice

As expected, AngII infusion impaired endothelium-dependent relaxa-

tion induced by ACh in both aorta and small mesenteric arteries,

but it did not modify endothelium-independent relaxation to the

NO donor DEA-NO (Figure 2a,b, Tables 1 and 2). Interestingly,
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treatment with selective KV1.3 channel blockers (HsTX[R14A] or

[EWSS]ShK) prevented AngII-induced endothelial dysfunction in the

aorta without modifications of endothelium-independent relaxation

(Figures 2a and S2A, Tables 1 and 2), excluding augmented VSMC

NO sensitivity as an underlying mechanism to explain the improved

endothelial function. HsTX[R14A] also improved endothelium-

dependent relaxation in the small mesenteric arteries without modi-

fying the endothelium-independent relaxation (Figure 2b, Table 1).

The endothelium-dependent vasodilator bradykinin induced concen-

tration-dependent relaxation in the small mesenteric arteries but not

F IGURE 1 AngII-induced vascular remodelling and stiffness are not dependent on increased expression of KV1.3 channels. (a) Kcna3 and
Kcna5 mRNA expression in aorta from control (n = 6), AngII-infused (n = 5), and AngII + HsTX[R14A]-infused (n = 5) mice. (b) Systolic BP of
control (n = 8), AngII-infused (n = 7), and AngII + HsTX[R14A]-infused (n = 6) mice. (c) Representative images (image size 1,055 × 1,055 μm) and

quantification of aortic wall thickness of control, AngII- and AngII + HsTX[R14A]-treated animals (n = 5 all groups). (d) Structural and (e)
mechanical parameters in small mesenteric arteries from control (n = 6), AngII-treated (n = 6), and AngII + HsTX[R14A]-treated (n = 7) animals.
Results are presented as means ± SEM. *P < .05, significantly different from control; #P < .05, significantly different from AngII; one-way (a,b,c,e)
or two-way (d,e) ANOVA followed by Bonferroni's post hoc test
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in the aorta, which was also impaired by AngII (Figure S2B).

In agreement with the results found with ACh, treatment

with HsTX[R14A] prevented AngII-induced endothelial dysfunction

(Figure S2B). Neither HsTX[R14A] nor [EWSS]ShK modified ACh-,

DEA-NO-, or bradykinin-induced relaxation in the aorta or small

mesenteric arteries from control mice (data not shown). These

findings revealed a new role of KV1.3 channels in endothelial

dysfunction induced by AngII.

ACh-induced relaxation is totally dependent on NO in the aorta,

whereas in small mesenteric arteries, a combination of PGI2, NO, and

EDHF is found (Ellis et al., 2003; Leung & Vanhoutte, 2017). On this

basis, the beneficial effect of KV1.3 blockers on aortic function could

F IGURE 2 Blockade of KV1.3 channels corrects AngII-induced endothelial dysfunction. Concentration–response curves to ACh and
diethylamine NONOate (DEA-NO) in (a) aorta and (b) small mesenteric arteries from control, AngII-infused, or AngII + HsTX[R14A]-infused mice.
Representative traces of ACh responses are also shown. (c) KCNA3 mRNA expression in cultured human microvascular endothelial cells
incubated with AngII (1 nmol�L−1) at different time points. Results are presented as means ± SEM; the numbers of animals in each group are
shown in parentheses. *P < .05, significantly different from control; #P < .05, significantly different from AngII; one-way (c) or two-way ANOVA
(a,b) followed by Bonferroni's post hoc test
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be due to enhanced NO availability. We then evaluated the EDHF

component of ACh-induced relaxation in segments of small

mesenteric arteries treated with a combination of inhibitors of NOS

(L-NAME) and COX (indomethacin). No differences in the EDHF

component were observed between the control and AngII-infused

mice (Figure S2C). However, this EDHF-mediated response was

inhibited in the arteries of HsTX[R14A]-treated animals. These results

suggest that the beneficial effects of HsTX[R14A] on endothelial

function in mesenteric arteries could be due to enhanced NO, PGI2, or

a combination of both.

We then evaluated the effect of AngII on endothelial KV1.3 chan-

nels. We used cultured human microvascular endothelial cells exposed

to AngII. These cells showed low Kcna3 expression (Ct � 30) that was

not modified by AngII incubation at any time point (Figure 2c),

apparently excluding the role of endothelial KV1.3 channels in

AngII-induced endothelial dysfunction.

3.3 | Blockade of KV1.3 channels does not affect
VSMC electrophysiology

Next, we tested whether possible alterations in KV currents in VSMCs

might explain the effects of the KV1.3 channel blockers on vascular

function. We recorded the total KV currents in freshly isolated VSMCs

from the aorta of control, AngII, and AngII + HsTX[R14A] animals.

Figure 3a shows representative original traces of the total KV currents

recorded in freshly isolated myocytes from all experimental groups.

We did not observe significant differences in the KV current amplitude

measured at the end of the 200-ms depolarizing pulses (Figure 3b).

Accordingly, the resting membrane potential was similar among the

three experimental groups (Figure 3c). Interestingly, cell capacitance,

an indicator of membrane surface area, was significantly higher in

VSMCs from AngII-infused animals than in control animals. Likewise,

this increase was reversed in VSMCs from animals treated with HsTX

[R14A] (Figure 3d).

To characterize the KV1.3 channel current in terms of the total KV

current, the baseline KV current was recorded in the presence and

absence of HsTX[R14A] (0.1 nmol�L−1). The selective KV1.3 channel

blocker induced a subtle reduction in KV currents in all experimental

groups, indicating a minor contribution of KV1.3 channels to the total

KV current in VSMCs (Figure 3e). Thus, HsTX[R14A]-sensitive currents

(Figure 3f) measured at −10 mV, which reflect the KV1.3 channel

component, were not significantly different between all cell types.

Accordingly, the percentage of the inhibition of KV current (Figure 3g)

and the changes in membrane potential (ΔEmControl = 1.2 ± 1.4 mV,

ΔEmAngII = 1.9 ± 2.6 mV, and ΔEmAngII + HsTX[R14A] = 2.0 ± 3.2 mV)

induced by HsTX[R14A] treatment were similar in all experimental

groups. These data indicate that the improvement of vascular function

induced by chronic blockade of KV1.3 channels is unrelated to

changes in VSMC electrophysiology.

3.4 | AngII increases expression of KV1.3 channels
in perivascular adipose tissue and peritoneal
macrophages

Potassium channels modulate macrophage physiology (Chandy

et al., 2004). In addition, AngII increases macrophage infiltration in

perivascular adipose tissue (Mikolajczyk & Guzik, 2019). We evaluated

possible changes in the expression levels of KV1.3 and KV1.5 channels

in macrophages. As shown in Figure 4a, AngII increased Kcna3 mRNA

expression in perivascular adipose tissue. Moreover, in peritoneal

TABLE 1 pD2 (−logEC50) values of ACh and diethylamine NONOate (DEA-NO) in aorta and small mesenteric arteries (SMAs) from control,
AngII-infused, or AngII + HsTX[R14A]-infused mice

Aorta pD2 SMA pD2

Control ACh 7.54 ± 0.21 (7) 6.86 ± 0.50 (8)

DEA-NO 6.73 ± 0.22 (5) 7.75 ± 0.13 (7)

AngII ACh 6.25 ± 0.34 (5) 6.74 ± 0.72 (7)

DEA-NO 6.18 ± 0.25 (6) 7.43 ± 0.30 (8)

AngII + HsTX[R14A] ACh 7.71 ± 0.18 (7)* 7.07 ± 0.69 (7)

DEA-NO 6.65 ± 0.25 (7) 7.34 ± 0.25 (7)

Note: Data are expressed as mean ± SEM of the number of animals indicated in parentheses.

*P < .05, significantly different from AngII alone.

TABLE 2 pD2 (−logEC50) values of ACh and diethylamine
NONOate (DEA-NO) in aorta and from control, AngII-infused, or
AngII + [EWSS]ShK-infused mice

Aorta
pD2

Control ACh 7.29 ± 0.67 (12)

DEA-NO 6.76 ± 0.28 (5)

AngII ACh 7.10 ± 1.52 (9)

DEA-NO 6.17 ± 0.22 (7)

AngII + [EWSS]ShK ACh 6.77 ± 1.55 (12)

DEA-NO 6.30 ± 0.04 (6)

Note: Data are expressed as mean ± SEM of the number of animals

indicated in parentheses.
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macrophages, AngII infusion markedly increased the protein and

mRNA levels of KV1.3 channels (Figure 4b,c) without affecting Kcna5

mRNA expression; as a result, the Kcna3/Kcna5 ratio was increased

by AngII (Figure 4c). Notably, HsTX[R14A] treatment completely

blocked AngII-induced Kcna3 expression without affecting Kcna5

expression. Consequently, the Kcna3/Kcna5 ratio was decreased by

F IGURE 3 Improvement of vascular function by blocking KV1.3 channels cannot be explained by changes in vascular smooth muscle cell
(VSMC) electrophysiology. (a) Representative current traces for 200-ms depolarization pulses from −60 to +20 mV in 10-mV increments from a
holding potential of −60 mV in VSMCs isolated from the aorta of control (n = 18), AngII-infused (n = 11) and AngII + HsTX[R14A]-infused (n = 15)
mice (five animals per group). (b) Current–voltage relationships of KV currents measured at the end of the pulse, analysed by a two-way ANOVA
followed by Bonferroni's test. (c) Resting membrane potential (Em) values in VSMC measured under current-clamp mode. (d) Average values of
VSMC membrane capacitance. Both Em and capacitance values were analysed using a one-way ANOVA followed by aTukey's post hoc test
(n = 15) from n = 5 treated mice from each group. (e) Current–voltage relationships of KV currents measured at the end of the pulse before and
after the addition of HsTX[R14A] in myocytes from control (n = 10), AngII-infused (n = 10), and AngII + HsTX[R14A]-infused (n = 11) mice, by a
paired t test from n = 5 control or treated mice from each group. (f) HsTX[R14A]-sensitive current measured at −10 mV. (g) Percentage of
inhibition of HsTX[R14A] measured at −10 mV. Results are presented as means ± SEM for the number of experiments performed in VSMC
obtained from five animals for each group. *P < .05, significantly different from control; #P < .05, significantly different from AngII; one-way
ANOVA followed by Tukey's post hoc test
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HsTX[R14A] treatment (Figure 4c). HsTX[R14A] treatment did not

modify Kcna3 or Kcna5 expression in control mice (data not shown).

These results suggest a possible classical activation pathway of perito-

neal macrophages in AngII-infused mice.

3.5 | Effects of AngII on the electrophysiological
characteristics, cytokine profile, and infiltration of
macrophages; effects of KV1.3 channel blockade

AngII (0.1 μmol�L−1) perfused for 15–20 min on resting or LPS-

activated peritoneal macrophages did not modify either the

magnitude or the biophysical characteristics of the KV currents

generated by the KV1.3/KV1.5 heterotetrameric channels (Figure S3),

suggesting that AngII does not directly interact with KV1.3 or KV1.5

channels. However, the KV current recorded in macrophages from

AngII-infused mice exhibited an intermediate magnitude compared to

those recorded from resting and LPS-induced M1 peritoneal macro-

phages (Figure S4). These results indicate that the effects observed in

macrophages from AngII-infused mice could be due to changes in KV

channel expression, similar to those reported for macrophages incu-

bated with LPS for 16 h (Moreno et al., 2013; Vicente et al., 2003).

In vitro addition of [EWSS]ShK (1 nmol�L−1) or HsTX[R14A]

(0.1 nmol�L−1) inhibited the KV current recorded in macrophages

obtained from AngII-treated mice by 82.3 ± 4.4% (n = 3, exploratory

results) and 93.3 ± 1.6% (n = 3, exploratory results), respectively. We

F IGURE 4 AngII increases expression of KV1.3 channels in peritoneal macrophages and perivascular adipose tissue (PVAT). (a) Kcna3 mRNA
expression in PVAT from control and AngII animals (n = 9 for both groups). (b) Representative images of KV1.3 protein expression in peritoneal
macrophages from control (n = 4) and AngII (n = 6) animals. (c) Kcna3 and Kcna5 mRNA expression and the Kcna3/Kcna5 ratio in peritoneal
macrophages from control (n = 6), AngII (n = 5), and AngII + HsTX[R14A] mice (n = 6). Results are presented as means ± SEM. *P < .05,
significantly different from control; #P < .05, significantly different from AngII; Student's t test (a) or one-way ANOVA followed by Bonferroni's
post hoc test (c)
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then studied the biophysical characteristics of the KV currents in

peritoneal macrophages from control, AngII-, AngII + HsTX[R14A]-,

and AngII + [EWSS]ShK-treated mice. As shown in Figure 5a,b, KV

currents recorded for macrophages from AngII-infused mice were

greater than those recorded in macrophages obtained from the con-

trol group. More importantly, the electrophysiological characteristics

of the KV channels of macrophages from AngII-infused animals

exhibited use-dependent effects (Figure 5c,d) and a greater degree of

inactivation together with a faster time constant of inactivation

(Figure 5e,f), similar to those exhibited by KV1.3 channels (Chang

et al., 2015; Moreno et al., 2013; Vicente et al., 2003; Villalonga

et al., 2010). Treatment of AngII-infused mice with HsTX[R14A]

reversed these effects (Figure 5). Indeed, macrophages from AngII

+ HsTX[R14A] mice exhibited KV currents similar to those generated

by cells from control mice (Figure 5a–f). Similar effects were observed

in peritoneal macrophages from AngII + [EWSS]ShK mice (Figure S5).

Moreover, treatment of control mice with HsTX[R14A] or [EWSS]ShK

did not modify the magnitude of the KV current, the use dependency,

or the percentage of inactivation of the KV current (data not shown).

Taken together, these results suggest that, like LPS, AngII treatment

increases the KV1.3/KV1.5 ratio in the heterotetrameric channels pre-

sent in peritoneal macrophages.

Subsequently, we evaluated the expression levels of M1 markers

in macrophages from control, AngII, and AngII + HsTX[R14A] mice.

F IGURE 5 Blockade of KV1.3 channels reverses the AngII-induced alterations in the electrophysiology of peritoneal macrophages.
(a) Representative current recordings obtained after applying 250-ms depolarizing pulses from −80 to +60 mV in 10-mV increments from a

holding potential of −80 mV in peritoneal macrophages obtained from control (n = 10), AngII-infused (n = 11), and AngII + HsTX[R14A]-infused
(n = 27) mice (n = 5 for each group). Tail currents were recorded after repolarizing to −40 mV. (b) Current–voltage relationships of KV currents
measured at the end of the 250-ms depolarizing pulses are shown in panel (a). (c) Cumulative KV inactivation measured after applying trains of
15 pulses of 250 ms from −80 to +50 mV at 2 Hz in macrophages obtained from control (n = 8), AngII-infused (n = 10), and AngII + HsTX[R14A]-
infused (n = 20) mice (n = 5 for each group). (d) Plots show the peak current amplitude at each pulse normalized to the peak current amplitude of
the first pulse. Data were fitted to a mono-exponential function. (e) Current records obtained after applying a depolarizing pulse of 2.5 s from
−80 to +40 mV in macrophages obtained from control (n = 8), AngII-infused (n = 11), and AngII + HsTX[R14A]-infused (n = 11) mice (n = 5 for
each group). (f) Bars showing the time constant of inactivation (τInact) and the degree of pulse decay (%) for the long pulse shown in panel (e), as
recorded in macrophages from control, AngII-infused, and AngII + HsTX[R14A]-infused mice (n = 5 for each group). Results are presented as
means ± SEM. *P < .05, significantly different from control; #P < .05, AngII + HsTX[R14A] significantly different from AngII; one-way ANOVA
followed by Tukey's post hoc test
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AngII significantly increased the expression of Il6, Ptgs2, and Il1b and

did not modify the expression of Tnfa or Cybb (Nox2) (Figure 6a).

Importantly, treatment with the KV1.3 blocker HsTX[R14A] decreased

the expression of Ptgs2 and Il1b (Figure 6a). Moreover, AngII

increased the expression of macrophage markers Lamp2 (Mac-3) and

Adgre1 (F4/80) in perivascular adipose tissue, which was significantly

reduced by HsTX[R14A] treatment (Figure 6b). However, neither

AngII nor HsTX[R14A] modified macrophage content in the

perivascular adipose tissue-denuded aorta (data not shown). HsTX

[R14A] did not modify macrophage content in control mice (data not

shown). Together, these data suggest that AngII infusion modifies

macrophage infiltration and phenotype towards a more

proinflammatory phenotype and that treatment with a KV1.3 channel

blocker prevents these effects.

3.6 | Blockade of KV1.3 channels prevents
macrophage-induced endothelial dysfunction

Macrophages infiltrate the perivascular adventitia in arteries from

AngII-infused mice and participate in endothelial dysfunction induced

by AngII (De Ciuceis et al., 2005). Moreover, various studies, including

ours, have demonstrated the role of COX-2 and IL-1β in endothelial

dysfunction (Jimenez-Altayo et al., 2006; Martinez-Revelles

F IGURE 6 Blockade of KV1.3
channels prevents macrophage-
induced endothelial dysfunction in
hypertension. (a) mRNA expression of
M1 markers in peritoneal
macrophages from control, AngII-
infused, and AngII + HsTX[R14A]-
infused mice. (b) mRNA expression of
macrophages markers in perivascular
adipose tissue from control,
AngII-infused, and AngII + HsTX
[R14A]-infused mice. Concentration–
response curves to ACh (c) and
diethylamine NONOate (DEA-NO) (d)
in aorta from control animals
incubated with macrophage-
conditioned media from control

(n = 5), AngII-infused (n = 8), and
AngII + HsTX[R14A]-infused (n = 7)
mice. (e) Concentration–response
curves to ACh in aorta from control
animals, incubated with macrophage-
conditioned medium from control
(n = 6) or AngII-infused animals
(n = 8), in the presence or absence of
anakinra (100 μg�ml−1) (n = 8) or
celecoxib (1 μmol�L−1) (n = 7). (f)
Kcna3 and Kcna5 mRNA expression in
healthy aorta incubated for 20 h with
macrophage-conditioned medium
from control (n = 5) and AngII-infused
(n = 5) mice. Results are presented as
means ± SEM. *P < .05, significantly
different from control, #P < .05,
significantly different from AngII; one-
way (a,b) or two-way (c–e) ANOVA
with Bonferroni's post hoc test; in (f),
Student's t test
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et al., 2013; Vallejo et al., 2014). We then raised the question whether

the beneficial effect of systemic KV1.3 channel blockade on endothe-

lial function might be due to the modulation of macrophage

phenotype.

To gain further insights into this, arteries from healthy untreated

mice were incubated with macrophage-conditioned media from

control, AngII, and AngII + HsTX[R14A] mice. Macrophage-

conditioned media from AngII-infused mice, but not from control

mice, significantly impaired aortic endothelium-dependent relaxation,

and this effect was completely prevented in arteries incubated with

AngII + HsTX[R14A] macrophage-conditioned media (Figure 6c,

Table 3a). No differences in endothelium-independent relaxation were

observed under the three experimental conditions (Figure 6d,

Table 3a). Importantly, the endothelial dysfunction induced by

macrophage-conditioned media from AngII-infused mice was also

abolished by the IL-1β blocker anakinra and by the selective COX-2

inhibitor celecoxib (Figure 6e, Table 3b). Neither anakinra nor

celecoxib affected ACh-induced relaxation in arteries incubated with

macrophage-conditioned media from control mice (data not shown).

Interestingly, the expression of Kcna3 and Kcna5 in the aorta

remained unaffected when incubated with macrophage-conditioned

medium from control or AngII-infused mice (Figure 6f), further

confirming the involvement of macrophage KV1.3 in vascular function.

4 | DISCUSSION

Our study demonstrates for the first time that KV1.3 channels play an

important role in the macrophage-dependent endothelial dysfunction

induced by AngII, most likely by facilitating macrophage infiltration in

the surrounding perivascular adipose tissue and through modulation

of the macrophage phenotype towards a proinflammatory M1-like

phenotype.

Earlier evidence clearly suggested that increased expression of

KV1.3 channels and/or altered KV1.3/KV1.5 ratio made a significant

contribution to the proliferation of VSMCs in several pathological

conditions, such as neointima hyperplasia and endoluminal lesions

(Cheong et al., 2011; Cidad et al., 2010, 2014; Perez-Garcia

et al., 2018). We found that AngII infusion increased KV1.3 channel

expression in the aorta, which was inhibited by HsTX[R14A].

However, we did not observe changes in vascular structure after

treatment with KV1.3 channel blockers, either in conductance or in

resistance arteries from AngII-infused mice, most likely because this

model is not associated with increased number of VSMCs (Briones,

Rodriguez-Criado, et al., 2009; Hernanz et al., 2015), as compared

with proliferative models of neointima hyperplasia. Nevertheless,

HsTX[R14A] clearly reduced cell capacitance (a marker of cell surface

area) in VSMCs from AngII-infused animals, indicating some anti-

hypertrophic effect of the toxin that did not produce a clear contribu-

tion to the whole vessel structure. Importantly, the two selective

KV1.3 channel blockers completely prevented AngII-induced

endothelial dysfunction, probably due to an increase in NO and/or

PGI2 availability, uncovering an unexpected role of these channels in

vascular function. In this context, an inhibition of relaxation rather

than an improved endothelial function would have been expected,

given the well-known effect of the inhibition of K+ channels, which

causes membrane depolarization and subsequent vasoconstriction

(Cogolludo & Perez-Vizcaino, 2010; Jackson, 2018; Nelson &

Quayle, 1995). Importantly, data from the electrophysiological studies

discounted altered KV1.3 currents in VSMCs as responsible for the

beneficial effects of KV1.3 channel blockade in AngII-induced

endothelial dysfunction, suggesting that additional mechanisms were

involved. In support, earlier studies had shown similar KV1.3 channel

expression in VSMC from a spontaneously hypertensive mouse model

BPH (BP High), compared with their normotensive counterparts

(Cidad et al., 2014). Moreover, the presence of KV1.3 channels in

endothelial cells is controversial, although one study has reported

KV1.3 channel expression in rat brain endothelial cells (Millar

et al., 2008). Further, we found low levels of KV1.3 channels in a cell

line of human endothelial cells, and expression of these channels was

not affected by AngII.

Potassium channels play a critical role in maintaining the electro-

chemical gradient required for sustained Ca2+ entry in the timeframe

necessary for activation and effects of macrophage functions. The K+

currents generated in macrophages are due to the activation of the

KV1.3/KV1.5 heterotetrameric channels (Moreno et al., 2013; Vicente

et al., 2003; Villalonga et al., 2010). Blockade of KV1.3 channels sup-

presses antigen-driven proliferation and cytokine production in T cells

and macrophages. Therefore, selective KV1.3 channel blockers amelio-

rate different pathologies that involve inflammation including multiple

TABLE 3 (a) pD2 (−logEC50) values of ACh and diethylamine
NONOate (DEA-NO) in aorta from control animals incubated with
macrophage-conditioned medium from control, AngII-infused, or
AngII + HsTX[R14A]-infused mice, and (b) pD2 values of ACh in aorta
from control animals incubated with macrophage-conditioned
medium from control or AngII animals plus anakinra (100 μg�ml−1) or
celecoxib (1 μM)

Aorta
pD2

(a)

Control ACh 7.69 ± 0.19 (5)

DEA-NO 7.27 ± 0.56 (3)

AngII ACh 7.93 ± 0.30 (8)

DEA-NO 7.26 ± 0.37 (6)

AngII + HsTX[R14A] ACh 8.12 ± 0.12 (7)

DEA-NO 7.03 ± 0.36 (6)

(b)

Control medium ACh 7.51 ± 0.29 (6)

AngII medium ACh 6.90 ± 0.31 (8)

AngII medium + anakinra ACh 7.39 ± 0.20 (8)

AngII medium + celecoxib ACh 7.12 ± 0.30 (7)

Note: Data are expressed as mean ± SEM of the number of animals

indicated in parentheses.
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sclerosis, autoimmune diabetes and acute liver injury (Beeton

et al., 2005; Beeton, Barbaria, et al., 2001; Beeton, Wulff, et al., 2001;

Chi et al., 2012; Rus et al., 2005; Wu et al., 2020). Our study

demonstrates that KV1.3 channels are important determinants of

macrophage phenotype in AngII-induced hypertension, which in turn

participates in endothelial dysfunction. Thus, in AngII-infused mice,

expression of KV1.3 channels increased in perivascular adipose tissue,

an important site of macrophage accumulation. Moreover, KV1.3

channel expression and the KV1.3/KV1.5 ratio, but not KV1.5 expres-

sion, also increased in peritoneal macrophages probably due to either

an increase in the KV1.3/KV1.5 ratio of heterotetramer channels, as

described for the activation of macrophages with LPS, or by an

increase in the homotetramers of KV1.3 channels, suggesting an

M1-like macrophage phenotype. Importantly, these changes in the

expression pattern of KV1.3 channels were abolished by HsTX[R14A]

treatment. The effect of chronic AngII exposure on macrophage elec-

trophysiology was not reproduced by acute administration, and short-

term AngII administration did not modify LPS-induced biophysical

properties either, suggesting that long-term adaptation processes,

including increased expression of KV1.3 channels, are needed to

change the macrophage phenotype. We also found increased infiltra-

tion of macrophages in the perivascular adipose tissue in response to

AngII infusion. Moreover, peritoneal macrophages obtained from

AngII-treated mice exhibited an M1-like phenotype, as shown by the

presence of enhanced M1 markers (IL-1β, IL-6, and COX-2) and elec-

trophysiological properties similar to those of LPS-stimulated

macrophages, but clearly of smaller magnitude. In agreement, Wenzel

et al. (2011) demonstrated that infusion of AngII for 7 days increased

the expression of different proinflammatory genes, such as COX-2 or

NADPH oxidase NOX-2, whereas other reports also showed

enhanced M1 markers in vascular tissues from mice infused with AngII

for 2 (Qian et al., 2014) and 4 weeks (Qi et al., 2019; Ye et al., 2019).

However, M2-like macrophages were also found within the vascular

wall after AngII infusion (Moore et al., 2015). Importantly, treatment

of AngII-infused mice with selective blockers of KV1.3 channels not

only restored the altered electrophysiological properties of

macrophages but also decreased excessive infiltration in perivascular

adipose tissue and production of some proinflammatory markers, such

as COX-2 and IL-1β, suggesting decreased activation of M1-like

macrophages by KV1.3 channel blockade. This change in macrophage

phenotype seems to have vascular functional consequences as we

identified COX-2-derived products and IL-1β released from

AngII-activated macrophages to be responsible for macrophage-

induced endothelial dysfunction. More importantly, macrophage-

conditioned media from AngII + HsTX[R14A] mice did not affect

vascular endothelial function, compared with the endothelial dysfunc-

tion induced by AngII-treated macrophages, thus supporting the role

of macrophage KV1.3 channels in endothelial dysfunction. In

agreement, mRNA levels of either KV1.3 or KV1.5 did not change in

aortic segments incubated with macrophage-conditioned media from

control or AngII-infused mice. On the other hand, we cannot discard a

modulatory role of KV1.3 channels in AngII-induced ROS generation

or an increase in eNOS activation as additional underlying

mechanisms involved in the improved endothelial function induced by

KV1.3 channel blockers.

A causal role for monocytes and macrophages in the development

of hypertension, vascular remodelling, and endothelial dysfunction

has been demonstrated in mice deficient in macrophage colony-

stimulating factor, which renders them deficient in macrophages

(De Ciuceis et al., 2005; Ko et al., 2007), and after selective ablation

of lysozyme M-positive (LysM(+)) myelomonocytic cells by low-dose

diphtheria toxin in mice with inducible expression of the diphtheria

toxin receptor (LysM(iDTR) mice) (Kossmann et al., 2014; Wenzel

et al., 2011). Our studies with macrophage-conditioned media agree

with these reports and demonstrate the beneficial effect of KV1.3

channel blockade in preventing macrophage-induced endothelial

dysfunction in hypertension. However, none of the KV1.3 blockers

used in this study affected BP, in contrast to previous reports that

used different approaches to inhibit macrophage presence (De Ciuceis

et al., 2005; Ko et al., 2007; Moore et al., 2015; Wenzel et al., 2011).

Of note, none of these highly selective compounds produced appar-

ent off-targets effects either in macrophages or in the vasculature in

control mice at the doses used here. One possible explanation for the

lack of effect on BP might be that we found correction of endothelial

dysfunction, but not vascular remodelling and stiffness. Although

highly beneficial, this effect might not be sufficient to decrease BP. In

addition, the role of KV1.3 channels in other organs involved in BP

control cannot be ruled out. In any case, our results demonstrate that

the improvement in endothelial function, and macrophage infiltration

and phenotype that occurs after KV1.3 channel blockade is not merely

a consequence of modified arterial pressure.

A limitation of our study is that we have analysed peritoneal mac-

rophages instead of (peri)vascular macrophages and further studies

are needed to confirm the increased expression of KV1.3 channels

and altered electrophysiology in this cell type. However, the fact that

KV1.3 expression was significantly increased by AngII in perivascular

adipose tissue, which is rich in M1/M2 macrophages (Mikolajczyk

et al., 2016), and was restored after KV1.3 channel blockade partly

supports experiments performed with peritoneal macrophages. In

addition, peritoneal macrophages can migrate to adjacent tissues dur-

ing inflammation (Cassado Ados et al., 2015), and despite their func-

tional characteristics, they have been widely used as models for the

activation of other types of tissue-resident macrophages, especially

vascular macrophages. In this context, peritoneal macrophages have

been used as models to study the behaviour of vascular macrophages

in atherosclerosis or aortic aneurysms (Nakao et al., 2017). Moreover,

peritoneal macrophages have been found to infiltrate atherosclerotic

plaques as well (Sakai et al., 2018).

In summary, our results demonstrate that AngII increased the

expression of KV1.3 channels in the aorta, perivascular adipose tissue

and macrophages. The increased expression of KV1.3 channels and

the altered biophysical properties observed in peritoneal macrophages

suggests an M1-like activation in response to AngII. Blockade of

KV1.3 channels decreased the enhanced macrophage infiltration and

the production of COX-2-derived products and proinflammatory cyto-

kines, such as IL-1β from macrophages, thus improving endothelial
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function, without affecting vascular remodelling or BP. In conclusion,

our study identified KV1.3 channels as novel mediators of

macrophage-dependent endothelial dysfunction in hypertension.

KV1.3 blockers are potential candidates for the treatment of not only

autoimmune but also of vascular diseases.
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