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Abstract
A Ca2+-activated Cl− channel protein, ANO1, is expressed in vascular smooth mus-
cle cells where Cl− current is thought to potentiate contraction by contributing to 
membrane depolarization. However, there is an inconsistency between previous 
knockout and knockdown studies on ANO1’s role in small arteries. In this study, we 
assessed cardiovascular function of heterozygous mice with global deletion of exon 7 
in the ANO1 gene. We found decreased expression of ANO1 in aorta, saphenous and 
tail arteries from heterozygous ANO1 knockout mice in comparison with wild type. 
Accordingly, ANO1 knockdown reduced the Ca2+-activated Cl− current in smooth 
muscle cells. Consistent with conventional hypothesis, the contractility of aorta from 
ANO1 heterozygous mice was reduced. Surprisingly, we found an enhanced contrac-
tility of tail and saphenous arteries from ANO1 heterozygous mice when stimulated 
with noradrenaline, vasopressin, and K+-induced depolarization. This difference was 
endothelium-independent. The increased contractility of ANO1 downregulated small 
arteries was due to increased Ca2+ influx. The expression of L-type Ca2+ channels 
was not affected but expression of the plasma membrane Ca2+ ATPase 1 and the 
Piezo1 channel was increased. Expressional analysis of tail arteries further suggested 
changes of ANO1 knockdown smooth muscle cells toward a pro-contractile phe-
notype. We did not find any difference between genotypes in blood pressure, heart 
rate, pressor response, and vasorelaxation in vivo. Our findings in tail and saphenous 
arteries contrast with the conventional hypothesis and suggest additional roles for 
ANO1 as a multifunctional protein in the vascular wall that regulates Ca2+ homeo-
stasis and smooth muscle cell phenotype.
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1 |  INTRODUCTION

ANO1 protein, also known as TMEM16a, is a Ca2+-activated 
Cl− channel (Caputo et al., 2008; Schroeder et al., 2008; Yang 
et  al.,  2008) that is known to be expressed in different tis-
sues (Pedemonte & Galietta, 2014). In particular, ANO1 was 
shown to be expressed in vascular smooth muscle cells (Dam 
et al., 2014; Davis et al., 2010; Manoury et al., 2010; Thomas-
Gatewood et al., 2011) where Ca2+-activated Cl− channels are 
thought to potentiate contraction by contributing to smooth 
muscle cell depolarization (Criddle et  al.,  1996; Large & 
Wang, 1996). Activation of Ca2+-activated Cl− channels may 
be initiated by release of Ca2+ from intracellular stores (Yang 
et al., 2008) or Ca2+ influx through transient receptor poten-
tial channels (Wang et  al., 2016) and lead to efflux of nega-
tively charged Cl− ions from the cell causing depolarization 
and activation of voltage-sensitive L-type Ca2+ channels (Dam 
et al., 2014). Influx of Ca2+ through L-type Ca2+ channels leads 
to an increase in the global intracellular Ca2+ concentration and 
activation of the contractile machinery of smooth muscle cells.

This potentially makes ANO1 an important protein in-
volved in the regulation of the tone of small arteries and 
hence a regulator of vascular resistance, which defines blood 
flow and arterial pressure (Mendelsohn,  2005; Mulvany & 
Aalkjaer, 1990). Consistent with this role, ANO1 has been 
found to be upregulated in experimental models with circula-
tory abnormalities, for example, pulmonary and essential hy-
pertension (Askew Page et al., 2019; Forrest et al., 2012; Gui 
et al., 2015; Papp et al., 2019; Wang et al., 2015). Investigation 
of the functional importance of Cl− channels in blood ves-
sels is however, difficult due to the absence of specific 
pharmacological tools (Boedtkjer et  al.,  2015; Greenwood 
& Leblanc,  2007). Alternatively, knockout and knockdown 
animal models are used to provide information about pro-
tein function in vitro and in vivo (Bulley et al., 2012; Dam, 
et al., 2014; Heinze et al., 2014; Jensen et al., 2018).

Homozygous global knockout of ANO1 in mice was demon-
strated to be lethal (Heinze et al., 2014). We previously studied 
segments of rat mesenteric small arteries with siRNA-induced 
knockdown of ANO1 and found the expected reduction in ar-
terial contractility (Dam, et al., 2014). Knockdown of ANO1 
in mouse cerebral small arteries also leads to reduced arterial 
contractility (Bulley et al., 2012). Heinze et al.  (2014) devel-
oped a mouse with smooth muscle-specific deletion of exon 21 
of ANO1. In these mice, the contractility of aorta was reduced, 
while the contractility of small mesenteric arteries, which had 
little ANO1-mediated current, from knockout and wild type 
mice was similar. This is consistent with the previous report 
on mice constitutively expressing siRNA against ANO1 in 
their smooth muscle cells where no changes in the contractil-
ity of small mesenteric and femoral arteries was seen (Jensen 
et  al., 2018). However, this previous study reported also that 
tail artery had reduced contractility to agonist stimulation when 

ANO1 was downregulated by constitutive expression of ANO1-
siRNA. Surprisingly, this ANO1 downregulation also sup-
pressed contraction to K+-induced depolarization that cannot 
be explained by the conventional model for the role of ANO1 in 
membrane potential dependent potentiation of agonist-induced 
contraction (Jensen et al., 2018). This effect of ANO1 down-
regulation was explained by reduced expression of the L-type 
Ca2+ channels and hence voltage-gated Ca2+ influx. Potential 
problems in these models come from possible off-target effect 
of siRNA in the knockdown models (Bulley et al., 2012; Dam, 
et al., 2014; Jensen et al., 2018) and the fact that in the smooth 
muscle-specific deletion model the Ca2+-activated Cl− currents 
were suppressed while ANO1 protein expression (albeit at a 
lower molecular weight) was still present (Heinze et al., 2014).

To get a comprehensive understanding of ANO1’s role in 
the vasculature, it is relevant to study different genetic models. 
In this paper, we describe the cardiovascular function of mice 
with heterozygous global knockout of ANO1. We aimed to test 
whether genetic knockdown of the ANO1 protein can reproduce 
the siRNA-induced downregulation studies (Bulley et al., 2012; 
Dam, et al., 2014; Jensen et al., 2018) and support results from 
smooth muscle-specific deletion of ANO1 in mice (Heinze 
et al., 2014) in terms of blood pressure control and small ar-
tery function. We deleted another exon (exon 7) of ANO1 than 
the previously published exon 21 (Heinze et al., 2014), which 
resulted in deletion of ANO1 protein expression. In these mice, 
ANO1 expression in aorta and in saphenous and tail arteries 
was reduced. Consistently, the Ca2+-activated Cl− current was 
reduced in ANO1 downregulated tail artery smooth muscle 
cells. Consistent with previous reports and with theoretical 
considerations the contractility of aorta from the heterozygous 
mice was reduced compared with aorta from wild type mice. 
Surprisingly, we found an enhanced elevation of intracellular 
Ca2+ and contractility of tail and saphenous arteries from het-
erozygous mice when activated with noradrenaline and vaso-
pressin. This finding contrasts with the hypothesis that ANO1 
acts as an amplifier of agonist-induced contraction in all vas-
cular bed and suggests additional roles of ANO1. Our findings 
suggest a role for increased Ca2+ influx, possibly because of 
changes in the expression of Ca2+ influx pathways in smooth 
muscle cells. Despite the increased contractility of some arter-
ies from the heterozygous mice, we did not detect any differ-
ence in blood pressure between ANO1 knockdown and wild 
type mice.

2 |  METHODS

2.1 | Targeting construct design

The ANO1 targeting construct (pTMEM16a_targ.) was de-
signed as follows. The 6.8 kb left flanking region contain-
ing exons 4–6 (Figure 1a), and intron sequences were PCR 
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amplified from mouse genomic DNA using oligonucleo-
tides TMEM_FAd1 and TMEM_FAr1 (Table S1), and sub-
cloned. The 1.3  kb right flanking region containing intron 
7 genomic sequences was PCR amplified using oligonu-
cleotides TMEM_FBd1 and TMEM_FBr1 (Table S1) and 
subcloned. The 0.5 kb exon 7 genomic region together with 
intron sequences were PCR amplified using oligonucleotides 
TMEM_Ex7d1 and TMEM_Ex7r1(Supplementary materi-
als) and consequently subcloned. The exon 7 flanking LoxP 
site together with the EcoRV site were introduced by PCR 
cloning with help of the oligonucleotide TMEM_Ex7d1. All 
individual clones were verified by sequencing and assem-
bled into the final targeting construct in the order depicted on 
Figure 1b. The pBluescript-based plasmid backbone together 
with the negative selection marker (thymidine kinase cassette 
and diphtheria toxin gene) was added to the right flanking 
region. The positive selection marker (neomycin cassette 
flanked by two FRT sites and one LoxP site) was cloned as 
EcoRI – BamHI DNA fragment between right flanking re-
gion and 0.5 kb exon 7 genomic PCR clone.

2.2 | Southern blot DNA probes cloning

The 1.9  kb HR1 probe (outside of the targeted homology, 
Figure 1c) was PCR amplified from mouse genomic DNA 
using oligonucleotides TMEM_S1d1 and TMEM_S1r1 
(Table S1) and subcloned. The internal 1.2  kb HR2 probe 

was PCR amplified from the pTMEM16a_targ vector 
using oligonucleotides TMEM_ISD1 and TMEM_ISR1 
(Supplementary materials) and consequently subcloned.

2.3 | ES cell transfection and selection of 
targeted clones

CV19 ES cells (passage 13 [129Sv × C57BL/6J]) were ex-
panded in HEPES-buffered Dulbecco's modified Eagle's 
medium supplemented with 15% fetal bovine serum (PAA), 
non-essential amino acids, L-glutamine, β-mercaptoethanol, 
1,000 U of recombinant leukemia inhibitory factor (MERCK 
Millipore, Germany) per ml, and antibiotics (penicillin 
[100 U/ml] and streptomycin [100 μg/ml]). For electropora-
tion, 2 × 107 cells were resuspended in 0.8 ml Capecchi buffer 
(20 mM HEPES [pH 7.4], 137 mM NaCl, 5 mM KCl, 0.7 mM 
Na2HPO4, 6 mM dextrose, 0.1 mM β-mercaptoethanol. The 
targeting vector pTMEM16a_targ was linearized with NotI, 
and 55 μg of DNA was electroporated at 25 μF and 400V 
in 0.8-mm electroporation cuvettes (Gene Pulser; Bio-Rad). 
After electroporation, cells were cultivated for 10  min at 
room temperature and plated onto 10 culture dishes con-
taining a gamma-irradiated monolayer of mouse primary 
G418-resistant fibroblast feeder cells. Thirty-two hours later, 
350 µg of G418 (Invitrogen) per ml and 0.2 μM 2’-deoxy-2’-
fluoro-β-D-arabinofuranosyl-5-iodouracil (FIAU; Moravek 
Biochemicals and Radiochemicals) were added to the culture 

F I G U R E  1  Targeting of the exon 7 of mouse ANO1 gene. (a–c) The intron and intergenic regions are shown as lines, exons are shown as 
filled boxes. The empty box corresponds to the neomycin resistance cassette (neo) flanked by the FRT sites (not shown). Exons numeration is 
shown above. The arrows above correspond to the LoxP sequences, and arrows below corresponding to restriction endonuclease sites EcoRI (R) 
and EcoRV (V). The black boxes correspond to Southern probes sequences (HR1 and HR2 as indicated). The expected sizes of restriction DNA 
fragments are labeled below in kb. (a) Wild type locus. (b) Targeted vector structure without negative selection marker and plasmid backbone. 
(c) Genomic locus after the homologous recombination. The neomycin cassette is present in intron 7, and exon 7 flanked by two LoxP sites. (d) 
Southern blot analysis of DNA’s isolated from mouse tail biopsy (1–10) and hybridized with the HR1 probe. With help of the EcoRI enzymatic 
digestion, we detect wild type allele at 12.3 kb and targeted allele at 4.5 kb. The 7.6 kb band corresponds to the DNA fragment located outside of 
the targeting homology (see a). DNA samples 1,3,4,7 and 10 contain correctly targeted ANO1 gene (Ano1±). Positions of the size marker (in bp) 
are shown on the left. (e) Southern blot analysis of DNA’s isolated from mouse DNA’s (1–10) and hybridized with the HR2 probe. This probe 
detects the presence of the second LoxP site in intron 6. With help of the EcoRV enzymatic digestion, we detect the LoxP site in the targeted allele 
(3.1 kb, see c)
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medium. The medium was replaced every day, and colonies 
were picked and analyzed 8 days after plating.

2.4 | DNA southern blot analysis

Positively targeted ES cell clones were analyzed using the 
Southern blot DNA method. Approximately 5–10  μg of 
genomic DNA was digested with EcoRI, fractionated on 
0.8% agarose gels, and transferred to GeneScreen nylon 
membranes (NEN DuPont). The membranes were hybridized 
with a 32P-labeled 1.9-kb probe containing sequences 5’ to the 
targeted homology (HR1 probe, Figure 1) and washed with 
SSPE buffer (0.09 M NaCl, 5 mM NaH2PO4, and 0.5 mM 
EDTA [pH 7.7]) and 0.5% sodium dodecyl sulfate at 65°C. 
After first screening, correctly targeted event was proved on 
DNA’s isolated from positively targeted ES cells with EcoRI 
digestion and additionally with EcoRV digestion, using a 
32P-labeled 1.2-kb probe containing internal sequences to the 
targeted homology (HR2 probe, Figure 1a).

2.5 | Blastocyst injection

Correctly targeted ES cells from two independent clones 
(2C2 and 3D9) were injected into 3.5-day B6D2F1 blasto-
cysts. Routinely, we are injecting 12 to 14 ES cells into one 
blastocoel. After injection, blastocysts were kept in KSOM 
embryo medium and subsequently transferred into the uteri 
of 2.5-day pseudopregnant CD-1 foster mice. The mice car-
ried pups to term. Chimeras were identified by their agouti 
coat color contribution. For the germ-line transmission high 
percentage male chimaeras were crossed to the C57BL/6J fe-
male mice. Heterozygous agouti offspring (Ano1±) was con-
firmed by the Southern blot analysis (Figure 1d,e).

2.6 | Animals

All mouse procedures were conformed to the guidelines from 
Directive 2010/63/EU of the European Parliament on the 
protection of animals used for scientific purposes and per-
formed in compliance with the guidelines for the welfare of 
experimental animals issued by the Federal Government of 
Germany. The mouse line was established by breeding male 
ANO1-deficient mice with female C57Bl/6J mice to produce 
heterozygous mice. Pups were weaned at 19 to 23 days after 
birth, and females were kept separately from males. The 
mice were housed in standard individually ventilated cages. 
General health checks were performed regularly in order to 
ensure that any findings were not the result of deteriorating 
physical conditions of the animals. All mouse experiments 
were approved by the Animal Experiments Inspectorate 

of the Danish Ministry of Environment and Food (nr. 
2016-15-0201-00982) and reported in accordance with the 
ARRIVE (Animal Research: Reporting in vivo Experiments) 
guidelines.

2.7 | Solutions

Physiological saline solution (PSS) was used for dissection 
and myograph experiments. The PSS consisted of (mM) 
HEPES 10, NaCl 116, KCl 2.82, MgSO4 1.2, NaHCO3 25, 
KH2PO4 1.18, CaCl2 1.6, EDTA 0.03 and glucose 5.5. The 
PSS was warmed to 37°C and bubbled with 5% CO2 in air to 
reach pH 7.4.

2.8 | Functional studies in vitro

The mice were sacrificed at the age of 1.5–4 months. Two-
millimeter long segments of the abdominal aorta, saphenous 
and tail arteries were isolated in ice-cold PSS and mounted 
in an isometric wire myograph (Danish Myo Technology). 
Arteries were normalized by first finding the internal circum-
ference that corresponds to transmural pressure of 100 mmHg 
(IC100). Second, artery diameter was set to correspond to 90% 
of IC100 (Mulvany & Halpern, 1977). Force was recorded with 
a PowerLab 4/25 – Chart7 acquisition set up (ADInstruments 
Ltd.). The results of force measurement are expressed as wall 
tension in N/m (Tension = Force/ [2 segment length]). To 
assess the role of Ca2+ release, in some experiments arteries 
were incubated for 5 min in Ca2+-free bath solution prior to 
10 µM noradrenaline stimulation. When indicated, endothe-
lium was denuded by blowing for 1 min luminal air through 
the arteries mounted in the myograph, and then, tested by 
disappearance of vasorelaxation to acetylcholine.

Measurements of intracellular Ca2+ in smooth muscle 
cells and wall tension in myograph were made simultane-
ously (Jensen et  al., 1992; Peng et  al., 1998). Arterial seg-
ments were loaded with 2.5 µM fura 2-acetoxymethyl ester 
dissolved in DMSO with 0.1% (wt/vol) cremophor and 0.02% 
(wt/vol) pluronic F127 for 2h. Arteries were excited by a 75W 
xenon light source alternately at 340 and 380 nm, and emit-
ted light was measured at 515 nm. Background fluorescence 
was determined and subtracted from obtained measurements. 
Fluorescence was collected using Felix32 software (version 
1.2, Photon Technology). Intracellular Ca2+ was expressed as 
the ratio of fluorescence during excitation at 340 and 380 nm.

2.9 | Morphology measurements

Media and wall thickness of the arteries mounted in the 
myograph were measured with a light microscope (40× 
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water immersion lens) as previously described (Mulvany 
et al., 1978). Media thickness was normalized to a diameter 
corresponding to 90% of IC100 assuming a constant media 
volume.

2.10 | Western blot

Arteries were isolated, frozen in liquid nitrogen and stored 
at −80°C. Samples were lysed in ice-cold lysis buffer 
(Pierce, Thermo Scientific) containing and Halt Protease 
inhibitor cocktail 1:100 (Thermo Scientific) using a pellet 
pestle. The homogenate was sonicated for 45 s, centrifuged 
at 13,000  rpm for 10  min and the supernatant collected. 
Total protein content in the samples was quantified using a 
BCA Protein Assay kit (Pierce, Thermo Scientific). A mix 
of 10 parts of 4x Laemmli sample buffer (Bio-rad) and one 
part 2 M dithiothreitol was added to the protein samples 
containing 10 μg of protein to raise the sample volume to 
20 μl. Afterward, samples were heated to 70°C for 10 min. 
Twenty microliters of sample was loaded on 4%–20% pre-
cast polyacrylamide stain-free gels (CriterionTM TGX 
Stain-freeTM precast gel, BioRad). Total protein load was 
detected on the stain-free gels using UV-light in imag-
ing system (c600, Azur Biosystems). Separation was per-
formed using electrophoresis. Proteins were transferred to 
PVDF-membranes (Merck Millipore). PVDF membranes 
were cut in half at approximately 75 kDa. The top part of 
the PVDF-membrane was blocked for 2 hr with 5% non-
fat dry milk (Blotting-Grade, Bio-Rad) in Tris-buffered 
saline with 0.1% Tween. The bottom part of the mem-
brane was blocked for 2 hr with 5% bovine serum albumin 
(Sigma Aldrich) in Tris-buffered saline with 0.1% Tween. 
Afterwards membranes were incubated overnight at 4°C 
in blocking buffer with primary antibody. The top part 
was incubated with either antibody against ANO1 (1:250, 
ab53212; Abcam) or L-type Ca2+ channels (1:500, #ACC-
003; Alomone) and the bottom part was incubated with 
pan-actin antibody (1:2000, #4968; Cell Signaling). Next 
day membranes were incubated with HRP-conjugated sec-
ondary goat-anti-rabbit antibody (1:2000 Cell Signaling 
Technology) for 2  hr. Detection was performed using 
ImageQuant LAS 4000 (GE Healthcare Life Sciences). 
Equal loading was confirmed using pan-actin band at 
45  kDa. Quantification was made using ImageJ (v1.48, 
NIH). Except some preliminary experiments where pro-
tein expression was semi-quantified as a ratio of inten-
sity of bands for ANO1 and pan-actin proteins, detected 
protein was normalized as a ratio to total protein load 
measured for the same probe. Analyses were done using 
the ImageJ program (NIH). The normalized protein ratio 
is shown in percentage of mean ratio in the wild type  
group.

2.11 | Single cell voltage-clamp

The voltage-clamp measurements of the Ca2+-activated 
Cl− current were made as previously described (Matchkov 
et al., 2008). Shortly, dissected tail arteries were stored over-
night at 4°C in a solution for enzymatic digestion, in mM: 
NaCl 110, KCl 5, MgCl2 2, KH2PO4 0.5, NaH2PO4 0.5, 
NaHCO3 10, CaCl2 0.16, EDTA 0.49, Na-HEPES 10, glu-
cose 10, taurine 10 at pH 7.0, as well as 1.5 mg/ml papain, 
1.6  mg/ml albumin, and 0.4  mg/ml dl-dithiothreitol. Next 
day, the arteries were incubated in this solution for 5–10 min 
at 37°C and single cells were released by trituration with a 
polyethylene pipette into the experimental solution. Isolated 
cells were used within next 4 hr.

All experiments were made at room temperature (22–
24°C). Recordings were made with an Axopatch 200B 
amplifier (Axon Instruments, Inc.) in whole-cell configu-
ration. Data were sampled at a rate of 2 kHz and filtered at 
1 kHz. Data acquisition was done with the software pack-
age Clampex 7 for Windows (Axon Instruments, Inc.) and 
analyzed using Chart8 (ADInstruments Ltd.). The Ca2+-
activated currents were evoked by patch pipette solution 
containing the following (in mM): 140 CsCl, 5.5 Ca(OH)2, 
0.1 MgATP, 6 EGTA, and 10 HEPES, at pH 7.35 (free 
Ca2+ concentration 900 nM, estimated using WEBMAXC 
v. 2.22 [Chris Patton, Stanford University]). The bath 
solution contained the following (in mM): 140 CsCl, 0.1 
CaCl2, and 10 HEPES, at pH 7.4. Membrane potential 
was held at −60 mV. The current–voltage (I–V) relation-
ship was determined by stepping the potentials (20 mV in-
crements) between −60 and +60 mV. The Ca2+-activated 
Cl− current was then inhibited by 10  µM T16Ainh-A01 
(Tocris Bioscience), and the Ca2+-activated Cl− current 
was isolated by subtraction of the current before and after 
T16Ainh-A01 application. Currents were normalized to cell 
capacitances.

2.12 | Relative protein quantification using 
10-plex tandem mass tags (TMT)

Tail artery segments were dissected and lysed as described 
above for Western blot protocol. Proteins were isolated 
by acetone precipitation, re-dissolved in 0.2  M TEAB 
(Triethylammonium bicarbonate) followed by reduction by 
dithiothretiol (DTT, 5 mM for 30 min at 50°C), alkylation 
by iodoacetamide (IAA, 15  mM for 30  min at room tem-
perature in the darkness), and proteolytic cleavage by the 
addition of trypsin in a 1:50 trypsin:protein ratio and over-
night incubation at 37°C. The resulting peptide samples were 
labelled with two sets of tandem mass tags from a 10-plex 
TMT set using the mass tags 127N, 127C, 128N, 128C, 
129N, 129C, and 131. A pool of all samples was labelled 
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with mass tag 126 and served as reference channel. Tagged 
peptide samples were mixed and subsequently fractionated 
by high-pH reversed phase liquid chromatography and ana-
lyzed by reversed phase nano-liquid chromatography tandem 
mass spectrometry (RP-nanoLC-MSMS). In brief, the tagged 
peptide samples were combined, lyophilized, purified, and 
fractionated into five fractions by high pH liquid chromatog-
raphy virtually as previously described (Mulorz et al., 2020). 
Fractions were analyzed in triplicates by RP-nanoLC-MS/MS 
analysis on an Orbitrap Eclipse mass spectrometer (Thermo 
Fisher Scientific) equipped with a nanoHPLC interface 
(Dionex UltiMate 3000 nano HPLC). Briefly, samples were 
separated also as previously described (Mulorz et al., 2020). 
Mass spectra of eluting peptides were acquired in positive ion 
mode applying automatic data-dependent switch between an 
Orbitrap survey MS scan in the mass range of 400–1,200 m/z 
followed by peptide fragmentation applying a normalized 
collisional energy of 40% in a 3-s duty cycle. The AGC target 
was set to “standard” at a resolution of 60,000 at m/z 200 and 
200,000 ions at a resolution of 30,000 with turbo-TMT set-
ting at m/z 200 for MS/MS scans. Ion selection threshold was 
set to 25,000 counts. Selected sequenced ions were dynami-
cally excluded for 60 s. All raw data files were processed and 
quantified using Proteome Discoverer version 2.4 (Thermo 
Scientific) also as previously described (Mulorz et al., 2020).

2.13 | Ingenuity pathway analysis

A list of TMT quantified proteins was uploaded to Ingenuity 
Pathway Analysis software (Qiagen) for functional interpre-
tation. The proteins, which expression differed significantly 
between genotypes, were identified and their association with 
cardiovascular disease and function was suggested. Z-scores 
predict potential directional changes for identified conditions 
by using information about the direction of protein expres-
sion changes and based on comparison with a model that 
assigns random regulation directions. A negative z-score in-
dicates suppression of that pathway, while a positive z-score 
indicates enhancement.

2.14 | Blood pressure measurements

Blood pressure was measured using radiotelemetry as de-
scribed previously (Jensen et  al.,  2018). Mice were anesthe-
tized by a combination of ketamine (33 mg/100 g) and xylazine 
(7.5  mg/100  g) and placed on a thermostatically controlled 
warming platform to maintain body temperature at 37°C. 
A midline incision through the shaved skin on the neck was 
made, and the mandibular glands were separated to access the 
carotid artery. The catheter of a HD-X11 radiotelemetry trans-
mitter (Data Sciences International) was placed into the carotid 

artery and the transmitter body was placed in a subcutaneous 
pocket. The skin incision was closed using 6-0 non-absorbable 
suture and a painkiller (0.2 ml/kg; Temgesic; Schering-Plough 
Europe) was injected subcutaneously at the end of opera-
tion. Mice were allowed to recover for at least 1 week before 
measurements were started. Telemetry signals were recorded 
at 256 Hz in 10-s intervals each minute. Registration was per-
formed with Dataquest A.R.T software 4.3. Analyses were per-
formed with Ponemah 8 (Data Sciences International). Arterial 
pressure was averaged at midday (between 11 a.m. and 1 p.m.) 
and midnight (between 11 p.m. and 1 a.m. next day) for each 
group. To assess the effect of adrenergic activation, phenyle-
phrine (5 mg/kg) dissolved in the vehicle solution containing 
0.9% NaCl was injected into the peritoneum.

2.15 | Statistical analysis

Statistical analysis was performed using Graph Pad Prism 8.0. 
Concentration-response curves were fitted to experimental data 
using four-parameter, non-linear regression curve fitting. From 
these curves, pD2 (-log to the concentration required to produce 
a half-maximal response) and maximal response were derived 
and compared using an extra sum-of-squares F test. Statistical 
comparison of other values was performed using Student t test. 
All values are given as mean ± standard deviation. Significance 
was assumed if p < .05 and n refers to number of arteries, only 
one of each type of artery was investigated from each mouse.

3 |  RESULTS

3.1 | Heterozygote ANO1 knockout mice 
had reduced ANO1 protein expression in the 
vascular wall of different arteries

To assess the expression of ANO1 in heterozygous mice, 
Western blot-based semi-quantification analyses were per-
formed. The ANO1 protein expression in aorta from ANO1 
heterozygous mice was significantly lower than protein ex-
pression in aorta from wild type (Figure 2a). Although the 
ANO1-specific band intensity in wild type mice was lower in 
saphenous and tail arteries compared to aorta, ANO1 expres-
sion was also reduced in these arteries from ANO1 heterozy-
gous mice compared to wild type mice (Figure 2b,c).

3.2 | ANO1 knockdown 
suppressed the Ca2+-activated Cl− current in 
smooth muscle cells

Smooth muscle cells isolated from tail arteries of ANO1 
heterozygous knockout mice had significantly smaller 
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T16Ainh-A01 sensitive membrane conductance than 
wild type smooth muscles (Figure  2d). The results sug-
gest approximately 50% reduction in the Ca2+-activated 

Cl− current in ANO1 downregulated smooth muscle cells 
from tail arteries.

3.3 | Changes in vasoconstriction in 
response to agonists and K+-induced 
depolarization of arteries with reduced 
expression of ANO1 depends on the type of 
blood vessel

Aorta from ANO1 heterozygous mice had smaller wall ten-
sion development than wild type aorta in response to concen-
tration-dependent elevation of both noradrenaline (Figure 3a) 
and vasopressin (Figure 3b). No difference in contractile re-
sponse to increasing K+ concentration was seen between the 
two groups (Figure 3c).

In contrast to aorta, force development in response to nor-
adrenaline, vasopressin, and K+ was significantly increased 
in tail arteries from ANO1 heterozygous mice in comparison 
with wild type (Figure 4a–c). Similarly, saphenous arteries 
from ANO1 heterozygous mice also showed increased con-
traction to noradrenaline, vasopressin, and K+ compared to 
wild type group (Figure 5a–c).

3.4 | An abnormal potentiation of 
contraction of tail arteries knocked down for 
ANO1 is not due to endothelial dysfunction

Endothelium is an important contributor to control of vascu-
lar tone. To test whether endothelial dysfunction is responsible 
for the increased contraction of tail arteries from ANO1 het-
erozygous mice, we compared their contractile responses after 
endothelium removal. The lack of functional endothelium was 
assessed by the absence of relaxation in response to 10–5  M 
acetylcholine. Endothelium-denuded tail arteries from ANO1 
heterozygous mice contracted stronger to both noradrenaline 
(Figure 6a) and K+-induced depolarization (Figure 6b).

F I G U R E  2  ANO1 protein expression is reduced in the vascular 
wall of ANO1 heterozygous mice. Western blot (representative blots 
in upper panels; from left to the right: molecular weight marker, 
Western blot and protein load) suggest reduced expression level of 
ANO1 protein in aorta (a; n = 12), tail (b; n = 12) and saphenous (c; 
n = 13–14) arteries from ANO1 heterozygous mice (ANO1 Hz) in 
comparison with wild type (WT). * and **p < .05 and .01 (unpaired t 
test). Voltage-dependence of T16Ainh-A01 sensitive current in smooth 
muscle cells isolated from tail arteries of ANO1 Hz and WT mice. 
*p < .05, n = 6 (F-test)

F I G U R E  3  Knockdown of ANO1 protein reduced agonist-induced contraction aorta. Concentration-response curves to noradrenaline (a), 
vasopressin (b) and elevation bath K+ (c) for aorta segments dissected from ANO1 heterozygous (ANO1 Hz) and wild type (WT) mice. n = 5. * 
and **p < .05 and .01 (extra sum-of-squares F test)
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3.5 | Ca2+ release is increased in tail arteries 
from ANO1 heterozygous mice

Noradrenaline (10 µM) applied in a Ca2+-free bath solu-
tion produced similar contractile responses in tail arteries 
from wild type and ANO1 heterozygous mice (Figure 6c). 
This suggests that ANO1 heterozygous mice have un-
changed agonist-induced Ca2+ release from intracellular 
stores.

3.6 | Morphology measurements did not 
reveal any difference in arterial structure of 
ANO1 heterozygous and wild type mice

The increased contractility of arteries from ANO1 heterozy-
gous mice could be explained by an increased media thick-
ness. To test this possibility, we measured media thickness of 
the arteries. Media thickness in tail (Figure 7a) and saphen-
ouos (Figure 7b) arteries did not differ between groups.

F I G U R E  4  Knockdown of ANO1 protein potentiated contractile responses to agonist stimulation and K+-induced depolarization of tail 
arteries. Concentration-response curves to noradrenaline (a), vasopressin (b), and elevation of bath K+ (c) for tail arteries from ANO1 heterozygous 
(ANO1 Hz) and wild type (WT) mice. n = 13–15. ***p < .001 (extra sum-of-squares F test)

F I G U R E  5  Increased contraction to agonist stimulation and K+-induced depolarization of saphenous arteries from ANO1 heterozygous mice. 
Concentration-response curves to noradrenaline (a), vasopressin (b) and elevation of bath K+ (c) for saphenous arteries from ANO1 heterozygous 
(ANO1 Hz) and wild type (WT) mice. n = 12 – 13. ** and ***p < .01 and .001 (extra sum-of-squares F test)

F I G U R E  6  Increased contraction of tail arteries knocked down for ANO1 is not due to endothelial dysfunction nor abnormal release 
of intracellular Ca2+. Endothelium-denuded tail arteries were constricted with noradrenaline (a) and elevation of bath K+ (b). n = 6–7. * and 
***p < .05 and .001 (extra sum-of-squares F test). Application of 10 µM noradrenaline in Ca2+-free bath solution produced similar contraction of 
wild type and ANO1-downregulated tail arteries (c; n = 6–7)
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3.7 | The increased agonist-induced 
contraction of saphenous arteries from 
ANO1 heterozygous mice was associated with 
increased intracellular Ca2+ response

Simultaneous measurements of arterial contraction and 
intracellular Ca2+ changes in response to increasing con-
centrations of noradrenaline showed that both force and 
intracellular Ca2+ increase were enhanced in arteries from 
ANO1 heterozygous mice (Figure  8a,b). Similar potentia-
tion of contraction and intracellular Ca2+ elevation was also 
seen in response to vasopressin, though intracellular Ca2+ 
response increase did not achieve statistical significance 
(p  =  .092; Figure  8d,e). Importantly, when wall tension 
was plotted as a function of intracellular Ca2+, arteries from 
ANO1 heterozygous mice had a reduced contraction at the 
same Ca2+ concentration in comparison with wild type, that 
is, ANO1 downregulated smooth muscles were less sensitive 
to intracellular Ca2+ changes. These wall tension – intracel-
lular Ca2+ relations were nearly identical for stimulation with 
noradrenaline and vasopressin (Figure 8c,f). Moreover, when 
the arterial wall was depolarized with increasing concentra-
tions of bath K+, an increased contractile response of ANO1 
downregulated arteries (Figure  8g) was also accompanied 
with increased intracellular Ca2+ elevation (Figure 8h) and 
reduced sensitivity to intracellular Ca2+ (Figure 8c,f,i).

3.8 | No difference in vascular L-type 
Ca2+ channel expression between ANO1 
heterozygous mice and wild type

We next asked whether the enhanced intracellular Ca2+ in-
crease in small arteries from ANO1 knockdown mice is a 
result of increased L-type Ca2+ channel expression. No dif-
ference in the expression of L-type Ca2+ channels between 
ANO1 downregulated and wild type arteries was found in 
aorta (Figure  9a), tail arteries (Figure  9b), and saphenous 
arteries (Figure  9c). Interestingly, the molecular weight 
of the L-type Ca2+ channels detected in tail and saphenous 

arteries was significantly higher than those in aorta. Different 
splice variants of the L-type Ca2+ channels have previously 
been reported in vascular smooth muscle cells (Bannister 
et al., 2011) but it cannot explain the difference in contrac-
tion and Ca2+ responses between genotypes of the same type 
of artery seen in this study.

3.9 | Ingenuity pathway analysis suggested 
functional changes in vascular smooth 
muscle cells from tail arteries of ANO1 
heterozygous mice

Proteomics data of tail arteries from ANO1 heterozygous and 
wild type mice were analyzed to assess the pathways under-
lying the observed functional changes. We identified 3,051 
mapped proteins, thereof 228 significantly (p < .05) upregu-
lated and 13 significantly (p  <  .05) downregulated (Table 
S2). The following analysis suggested significant changes in 
several canonical pathways related to vascular metabolism 
and function (Figure 10a; Table S3).

Detailed analyses of differentially mapped proteins (Table 
S2) supported our other observations. We found an increased 
expression of Rho-related GTP-binding protein RhoE that 
inhibits on Rho-associated protein kinase (ROCK) and 
Ca2+-sensitization in vascular smooth muscle cells (Loirand 
et  al.,  1999; Shimokawa et  al.,  2016; Figure  10b). Troponin 
T, which contributes to smooth muscle contraction, (Kajioka 
et al., 2012) was also upregulated in the tail arteries from ANO1 
heterozygous mice (Figure 10b). In addition to the unchanged 
expression of the L-type Ca2+ channels (Figure 9), no differ-
ence in the expression of auxiliary α2δ-1 subunit of these volt-
age-dependent Ca2+ channels (Bannister et al., 2009, 2012) was 
found (Figure 10c). There was however, an increased expres-
sion of the plasma membrane Ca2+ ATPase may be compen-
satory in relation to the increased Ca2+ responses (Figure 10c). 
The Ca2+ elevation maybe a result of an upregulation of gua-
nine nucleotide-binding protein α11 subunit and Piezo1 chan-
nel protein in the tail arteries from ANO1 heterozygous mice 
(Figure 10c). Finally, Rho-related GTP-binding protein RhoB 

F I G U R E  7  No difference in media thickness of saphenous and tail arteries from ANO1 heterozygous and wild type mice. The measurements 
of media thickness of tail (a; n = 5–8) and saphenous (b; n = 5–7) arteries did not find any difference between ANO1 heterozygous and wild type 
mice (Student t test)
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and myocardin-related transcription factor A were upregulated 
in the tail arteries from ANO1 heterozygous mice (Figure 10d).

3.10 | No difference in blood pressure control 
between ANO1 heterozygous and wild type mice

Blood pressure and heart rate were continuously recorded in 
mice using radiotelemetry. Both wild type and ANO1 heterozy-
gous mice had circadian rhythm variations in arterial pressure 
and heart rate that is consistent with murine nocturnal behavior 
(Figure 11a). No significant differences in mean, systolic and 
diastolic blood pressures were found between the groups.

To test whether the increased contractility to high concen-
trations of agonists of the saphenous and tail arteries in ANO1 
heterozygous mice was reflected in vivo we challenged the 
mice with phenylephrine. However, a single i.p. injection of 
phenylephrine (5 mg/kg) caused the same elevation of blood 

pressure and associated reduction of heart rate in the two 
groups (Figure  11b). Finally, we tested the hypotensive ef-
fect of Rho kinase inhibitor, Y27632. Injection of 10 mg/kg 
Y27632 had the same acute hypotensive effect and heart rate 
increase in ANO1 heterozygous and wild type mice.

4 |  DISCUSSION

We developed a mouse with knockout of exon 7 in the 
ANO1 gene on one of the alleles. Consistent with the ge-
netic make-up of these mice, the protein level in the three 
arteries we investigated was about 50% of the wild type 
level. We also found an approximately 50% reduction to 
in the Ca2+-activated Cl− conductance in tail artery smooth 
muscle cells from ANO1 knockdown mice, which is in ac-
cordance with the importance of ANO1 protein for this con-
ductance (Caputo et al., 2008; Schroeder et al., 2008; Yang 

F I G U R E  8  An increased contractile response of saphenous artery from ANO1 heterozygous mice is mediated by elevated voltage-gated 
Ca2+ influx in spite of reduced Ca2+ sensitivity of smooth muscle cells. Simultaneous recordings of contraction (a, d, g) and intracellular Ca2+ 
(b, e, h) in saphenous artery from ANO1 heterozygous and wild type mice in response to noradrenaline (a, b), vasopressin (d, e) and K+-induced 
depolarization (g, h). To assess the sensitivity of smooth muscle cells to intracellular Ca2+, wall tension was plotted as a function of intracellular 
Ca2+ changes in response to noradrenaline (c), vasopressin (f), and K+-induced depolarization (i). *, ** and ***p < .05, .01 and .001 (extra sum-of-
squares F test)
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et  al.,  2008). These mice allowed us to study the role of 
ANO1 for vascular function avoiding problems associated 
with lethality of mice with homozygous knockout of ANO1 
(Rock et al., 2008) and unspecific effects of siRNA (Bulley 
et al., 2012; Dam, et al., 2014) and with the lack of specificity 
of Cl− channel inhibitors (Boedtkjer et al., 2015; Greenwood 
& Leblanc, 2007; Rock & Harfe, 2008).

We found a decrease in responses of aorta from the 
ANO1 heterozygous mice to noradrenaline and vasopres-
sin and no change in the response to K+-induced depolar-
ization. Since the Ca2+-activated Cl− conductance mediated 
by ANO1 contributes to membrane depolarization (Askew 
Page et al., 2019; Dam, et al., 2014), knockdown of ANO1 
is expected to reduce depolarization and hence force devel-
opment, and the data from aorta are consistent with this. 
The Ca2+-activated Cl− channels are proposed to be a key 
step in agonist-induced constriction of vascular smooth 
muscle cells (Bulley & Jaggar,  2014; Dam, et  al.,  2014; 
Large & Wang, 1996; Leblanc et al., 2005, 2015; Matchkov 
et al., 2013, 2015). It has been suggested that Ca2+-activated 
Cl− efflux depolarizes the membrane and potentiates volt-
age-dependent Ca2+ influx, which would further stimulate 
the Ca2+-activated Cl− channels. This was supported by the 
studies with expressional manipulations and pharmacological 
inhibition of ANO1 (Bulley et al., 2012; Dam, et al., 2014; 
Davis et al., 2013; Jensen et al., 2018). The lack of ANO1 
role in vasoconstriction induced by K+ depolarization further 
supports this hypothesis. This was shown for aorta where 
ANO1 was downregulated by constitutive siRNA expression 
(Jensen et  al.,  2018) or knocked out (Heinze et  al.,  2014) 

and in cerebral small arteries (Bulley et al., 2012). However, 
siRNA-induced downregulation of ANO1 in rodent small 
arteries (i.e., tail and mesenteric arteries) suppresses both 
agonist-induced contraction and responses to K+-induced de-
polarization (Dam, et al., 2014; Jensen et al., 2018). In these 
cases, the expression of voltage-gated Ca2+ channels was 
reduced, which might explain the reduced response to K+-
induced depolarization, and may suggest a close interaction 
between ANO1 and L-type Ca2+ channels.

To our surprise, we observed an increased contraction 
to noradrenaline and vasopressin of tail and saphenous ar-
teries from ANO1 heterozygous mice compared to arteries 
from wild type mice. Thus, it is unlikely that the enhanced 
response is due to upregulation of a specific receptor. 
Moreover, the response to K+-induced depolarization was 
also increased, making it unlikely that the enhanced con-
tractile responses to the agonists are due to increased depo-
larization of smooth muscle cells. The increased responses 
to both agonist stimulation and K+-induced depolariza-
tion could be explained by an increased media thickness. 
However, there was no difference in media thickness be-
tween the groups. Moreover, endothelium-denuded tail 
arteries from ANO1 heterozygous mice also constricted 
stronger than endothelium-denuded tail arteries from wild 
type mice in response to noradrenaline and K+-induced 
depolarization. This suggests that the changed endothelial 
function is not responsible for the observed genotype dif-
ference in small artery responses.

We next investigated whether the increased contractility 
could be due to increased intracellular Ca2+ activity or to an 

F I G U R E  9  The expression of L-type Ca2+ channels (LTCC) is the same in arteries from ANO1 heterozygous mice (Hz) and wild type 
controls (WT). LTCC expression was compared in aorta (a; n = 11–16), tail arteries (b; n = 11–15), and saphenous arteries (c; n = 8–15). Upper 
panel shows the representative image of (from left to the right) molecular weight marker, Western blot and protein load, lower panel shows 
averaged data
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increased sensitivity of smooth muscle cells to intracellular 
Ca2+. We found that increased agonist-induced contraction 
was associated with elevated Ca2+ changes. Since there was 
no difference in resting intracellular Ca2+ (estimated as the 

fluorescence ratio; not shown) in the vascular wall prior to 
stimulation, the difference in Ca2+ responses most likely re-
flects an increased Ca2+ concentration. Moreover, we found 
potentiated intracellular Ca2+ changes and contraction in 

F I G U R E  1 0  Ingenuity Pathway Analysis suggests changes in vascular of tail arteries from ANO1 heterozygous mice. Proteomics of tail 
arteries from ANO1 heterozygous (n = 4, where three mouse arterial lysates where pulled into one probe, while other three probes were each 
from a single mouse) and wild type mice (n = 5 mice). (a) Canonical pathways affected by ANO1 knockdown and related to vascular metabolism 
and function as suggested by Ingenuity Pathway Analysis and listed against their significance (left) and Z-scores (right). Z-scores predict either 
suppression (blue) or potentiation (red) of cardiovascular condition in ANO1 knockdown compared to wild type. For details see Table S3. (b) 
Differentially expressed Rho-related GTP-binding protein RhoE suggested reduced Ca2+ sensitization while Troponin T suggested potentiation of 
contraction. (c) No difference in the expression of auxiliary α2δ-1 subunit of voltage-dependent Ca2+ channels (Bannister et al., 2009, 2012)was 
found, while increased expression of the plasma membrane Ca2+ ATPase 1, guanine nucleotide-binding protein α11 subunit and Piezo1 protein was 
found in the tail arteries from ANO1 heterozygous mice. (d) Rho-related GTP-binding protein RhoB that is involved in hypoxia-induced vascular 
responses and a potent coactivator of smooth muscle contractile genes, myocardin-related transcription factor A were upregulated in the tail arteries 
from ANO1 heterozygous mice. * and **p < .05 and <.01. For details about involved proteins see Table S2

F I G U R E  1 1  No difference between blood pressure and heart rate of ANO1 heterozygous and wild type mice. Radiotelemetry recordings of 
blood pressure and heart rate demonstrated circadian rhythm and no difference between genotypes (a). Challenge with an acute injection of 5 mg/kg 
phenylephrine elevated blood pressure and reduced heart rate (b), no difference between the groups was seen. Y27632 (10 mg/kg) injection reduced 
blood pressure and elevated heart rate to the same extend in ANO1 heterozygous and wild type mice (c). n = 8
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response to K+-induced depolarization. This suggests that 
increased contraction of tail and saphenous arteries might 
be a result of increased voltage-dependent Ca2+ influx. A 
close interaction between ANO1 and L-type Ca2+ chan-
nels is previously shown in retina (Caputo et al., 2015), the 
anal sphincter (Zhang et  al.,  2016), and in cardiomyocytes 
(Horvath et al., 2016). However, no difference in the expres-
sion of voltage-gated L-type Ca2+ channels between arteries 
from ANO1 knockdown and wild type mice was found in 
this study. Whether there is an effect of ANO1 on the volt-
age-gated Ca2+ channels at the regulatory (e.g., changing 
the channel opening dynamic) level remains to be studied. 
However, the expression of the auxiliary α2δ-1 subunit that 
is essential for of the L-type Ca2+ channel activity (Bannister 
et  al.,  2009, 2012) was not changed in ANO1 knockdown 
mice, suggesting that this is an unlikely possibility.

ANO1 is known also to be important for Ca2+ homeosta-
sis via interaction with IP3 receptors in sensory neurons (Jin 
et  al.,  2013) and the store-operated Ca2+ channels (Forrest 
et al., 2010; Wang et al., 2016) in rat cerebral and pulmonary 
arteries. We did not find any functional support for changes 
of agonist-induced Ca2+ release. However, an upregulation of 
guanine nucleotide-binding protein subunit α11 in the ANO1 
knockdowns, which mediates the pathway leading to phos-
pholipase C activation and IP3-dependent Ca2+ mobilization 
(Penn & Benovic, 2008), could be involved in Ca2+ response 
potentiation.

Proteomics identified also a significant upregulation of 
the Piezo1 channel in tail arteries downregulated for ANO1. 
The Piezo1 channel is Ca2+ permeable and mechanosensitive 
and is involved in smooth muscle contraction and arterial re-
modeling (Coste et al., 2010; Retailleau et al., 2015). We sug-
gest that Piezo1 might be responsible for elevated Ca2+ influx 
during arterial contraction of ANO1 downregulated small 
arteries, although Piezo1 knockout was previously shown 
without effect on contraction induced by K+-depolarization 
(Retailleau et  al.,  2015). The reason for this inconsistency 
with our data, where we have observed an increased K+-
induced contraction, is unclear. One might speculate that 
contraction-associated increase in wall tension can stimulate 
the Piezo1 channels providing further Ca2+ raise and poten-
tiation of contraction. This effect might be potentiated by in-
creased Piezo1 expression, that is, in ANO1 downregulated 
tail arteries.

We also found that the sensitivity of the contractile ma-
chinery to intracellular Ca2+ was significantly decreased in all 
three ANO1 downregulated arteries in comparison with wild 
type arteries. Accordingly, we found an increased expression 
of Rho-related GTP-binding protein RhoE, which known to 
inhibit the Rho-associated protein kinase (ROCK) and thus, 
suppresses Ca2+-sensitization in the vascular wall (Loirand 
et  al.,  1999; Shimokawa et  al.,  2016). Thus, Ca2+ sensiti-
zation cannot explain the observed increase in contractility. 

This might be a compensatory mechanism reducing the effect 
of an increased Ca2+ influx, although this requires testing in 
further experiments.

Expression analysis further suggested phenotypical 
changes in ANO1 knockdown smooth muscle cells from 
tail arteries toward a contractile phenotype (Kudryavtseva 
et al., 2013). We found upregulation of a potent co-activator 
of smooth muscle contractile genes, myocardin-related tran-
scription factor A (Liu et al., 2017; Velasquez et al., 2013; 
Zhang et  al.,  2007) in the tail arteries from ANO1 hetero-
zygous mice. This increase might be associated with upreg-
ulation of Rho-related GTP-binding protein RhoB that is 
involved in hypoxia-induced pulmonary artery contraction 
and remodeling (Wojciak-Stothard et al., 2012) although its 
role in the peripheral circulation is not elucidated. The ob-
served upregulation of plasma membrane Ca2+ ATPase (Gros 
et al., 2003) and troponin T (Kajioka et al., 2012) supports 
smooth muscle phenotypic switch toward a pro-contractile 
phenotype of ANO1 knockdown smooth muscle cells.

The arterial function was assessed in this study using iso-
metric myograph that does not entirely reproduce in vivo con-
ditions (Falloon et al., 1995). A lack of some in vivo features, 
for example, myogenic activity, limits value of our experi-
mental results for translation of ex vivo data to significance 
of blood pressure control. If saphenous arteries can be con-
sidered as a conductive artery, the tail artery in rodents is an 
important muscular artery that controls tail blood perfusion 
(Pang & Chan, 1985). With its role in thermoregulation, high 
myogenic activity, and dense innervation, it can be consid-
ered as a model for cutaneous resistance arteries in humans.

Since the role of ANO1 for contractility varied be-
tween different arteries and the arteries we studied here 
are unlikely to contribute substantially to the peripheral 
resistance, it was difficult to predict the consequences of 
ANO1 downregulation for blood pressure. Several previ-
ous studies indicated the importance of ANO1 for blood 
pressure regulation but the precise role is still controver-
sial. Thus, ANO1 is strongly upregulated in pulmonary 
(Forrest et al., 2012; Sun et al., 2012) and primary (Wang 
et  al.,  2015) hypertension but reduced in secondary sys-
temic hypertension (Wang et al., 2012). This suggests that 
these pro-hypertensive changes in ANO1 expression can 
have a regional character affecting specific vascular beds. 
We did not find any changes in blood pressure in ANO1 
heterozygous mice in comparison with wild type. This find-
ing is somewhat surprising given that the previous finding 
of Heinze et al. (2014) where smooth muscle-specific de-
letion of ANO1 led to reduced peripheral resistance. The 
reason for this inconsistency is unclear. These two genet-
ically modified mice have different exons spliced out and 
are different on several other parameters though. In our 
mice, ANO1 protein expression is reduced, which is not the 
case in the other mice (Heinze et al., 2014). Moreover, our 
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mice have ANO1 reduced globally in contrast to smooth 
muscle-specific knockout in the previous study (Heinze 
et al., 2014). This enables the contribution of other neuro-
nal and hormonal effects to smooth muscle development, 
phenotype, and function in vivo. Another important differ-
ence between these two genetically modified mice is that 
our mice are heterozygous while the mice used by Heinze 
et  al.  (2014) were homozygous. It is possible that partial 
ANO1 downregulation and, thus, only partial reduction of 
Cl− conductance is insufficient to affect significantly the 
hemodynamic parameters. It might also be that the ele-
vated contractility of the arteries, seen in our study, and 
reduced resistance by smaller arterioles, reported previ-
ously (Heinze et  al.,  2014) leaves total peripheral resis-
tance at approximately normal level. This hypothesis needs 
to be tested experimentally in vivo. Moreover, our ANO1 
heterozygous and wild type mice showed similar pressor 
and heart rate responses to phenylephrine injection and 
responses to massive vasorelaxation by Rho kinase inhi-
bition. This suggests that the net-effect of ANO1 down-
regulation in resistance vasculature is limited and that the 
baroreceptor function also appears to be intact.

5 |  CONCLUSION

In the present study, we describe a novel ANO1 heterozygous 
mouse model with deletion of exon 7 in one ANO1 allele. 
We show that smooth muscle cells from ANO1 heterozygous 
mice have reduced ANO1 expression and Ca2+-activated Cl− 
current when compared to wild type mice. This makes this 
mouse an important model to study the role of ANO1 in vas-
cular function. Consistent with expectations, the contraction 
of aorta was reduced. Surprisingly, however, we observed 
increased contractility in tail and saphenous arteries from 
the heterozygous mice. We found that mechanistically this 
is likely due to elevated Ca2+ influx. Our data suggest that 
this could reflect smooth muscle phenotypic switch toward 
the pro-contractile phenotype associated with upregulation 
of the Piezo1 channels in smooth muscle cells. This study 
challenges the conventional model for the role of ANO1 and 
suggests that ANO1 may have other functions than simply 
being responsible for a Cl− conductance.

ACKNOWLEDGEMENTS
We thank Jørgen Andreasen, Jane Holbæk Rønn, Christina 
Jensen, and Viola Mose Larsen (Aarhus University) for ex-
cellent technical assistance. We thank Professor Hermann 
Pavenstädt (University of Muenster, Germany) for helping in 
development of genetically modified mouse model.

CONFLICT OF INTEREST
None.

AUTHOR CONTRIBUTION
BVS generated mouse model. HBJ, DK, AHJ, and HCB per-
formed experiments. VVM, HBJ, DK, AHJ, and HCB made data 
analysis. VVM, HBJ, DK, AHJ, HCB, BVS, and CA took part 
in the conception, designed the study, and prepared the draft of 
the manuscript. VVM and CA completed the manuscript writing.

ORCID
Vladimir V. Matchkov   https://orcid.
org/0000-0002-3303-1095 

REFERENCES
Askew Page, H. R., Dalsgaard, T., Baldwin, S. N., Jepps, T. A., Povstyan, 

O., Olesen, S. P., & Greenwood, I. A. (2019). TMEM16A is impli-
cated in the regulation of coronary flow and is altered in hyperten-
sion. British Journal of Pharmacology, 176, 1635–1648. https://doi.
org/10.1111/bph.14598

Bannister, J. P., Adebiyi, A., Zhao, G., Narayanan, D., Thomas, C. 
M., Feng, J. Y., & Jaggar, J. H. (2009). Smooth muscle cell alph-
a2delta-1 subunits are essential for vasoregulation by CaV1.2 chan-
nels. Circulation Research, 105, 948–955.

Bannister, J. P., Bulley, S., Narayanan, D., Thomas-Gatewood, C., 
Luzny, P., Pachuau, J., & Jaggar, J. H. (2012). Transcriptional upreg-
ulation of α2δ-1 elevates arterial smooth muscle cell voltage-depen-
dent Ca2+ channel surface expression and cerebrovascular constric-
tion in genetic hypertension. Hypertension, 60, 1006–1015. https://
doi.org/10.1161/HYPER TENSI ONAHA.112.199661

Bannister, J. P., Thomas-Gatewood, C. M., Neeb, Z. P., Adebiyi, A., 
Cheng, X., & Jaggar, J. H. (2011). Ca(V)1.2 channel N-terminal 
splice variants modulate functional surface expression in resistance 
size artery smooth muscle cells. Journal of Biological Chemistry, 
286, 15058–15066.

Boedtkjer, D. M., Kim, S., Jensen, A. B., Matchkov, V. M., & Andersson, 
K. E. (2015). New selective inhibitors of calcium-activated chloride 
channels – T16Ainh-A01, CaCCinh-A01 and MONNA – What do 
they inhibit? British Journal of Pharmacology, 172, 4158–4172.

Bulley, S. B., & Jaggar, J. H. (2014). Cl− channels in smooth muscle 
cells. Pflugers Archiv. European Journal of Physiology, 466, 861–
872. https://doi.org/10.1007/s0042 4-013-1357-2

Bulley, S., Neeb, Z. P., Burris, S. K., Bannister, J. P., Thomas-Gatewood, 
C. M., Jangsangthong, W., & Jaggar, J. H. (2012). TMEM16A 
channels contribute to the myogenic response in cerebral arteries. 
Circulation Research, 111, 1027–1036.

Caputo, A., Caci, E., Ferrera, L., Pedemonte, N., Barsanti, C., Sondo, 
E., Pfeffer, U., Ravazzolo, R., Zegarra-Moran, O., & Galietta, L. 
J. (2008). TMEM16A, a membrane protein associated with calci-
um-dependent chloride channel activity. Science, 322, 590–594. 
https://doi.org/10.1126/scien ce.1163518

Caputo, A., Piano, I., Demontis, G. C., Bacchi, N., Casarosa, S., Della 
Santina, L., & Gargini, C. (2015). TMEM16A is associated with 
voltage-gated calcium channels in mouse retina and its function is 
disrupted upon mutation of the auxiliary alpha(2)delta(4) subunit. 
Frontiers in Cellular Neuroscience, 9.

Coste, B., Mathur, J., Schmidt, M., Earley, T. J., Ranade, S., Petrus, 
M. J., Dubin, A. E., & Patapoutian, A. (2010). Piezo1 and Piezo2 
are essential components of distinct mechanically activated cat-
ion channels. Science, 330, 55–60. https://doi.org/10.1126/scien 
ce.1193270

https://orcid.org/0000-0002-3303-1095
https://orcid.org/0000-0002-3303-1095
https://orcid.org/0000-0002-3303-1095
https://doi.org/10.1111/bph.14598
https://doi.org/10.1111/bph.14598
https://doi.org/10.1161/HYPERTENSIONAHA.112.199661
https://doi.org/10.1161/HYPERTENSIONAHA.112.199661
https://doi.org/10.1007/s00424-013-1357-2
https://doi.org/10.1126/science.1163518
https://doi.org/10.1126/science.1193270
https://doi.org/10.1126/science.1193270


   | 15 of 17MATCHKOV eT Al.

Criddle, D. N., de Moura, R. S., Greenwood, I. A., & Large, W. A. 
(1996). Effect of niflumic acid on noradrenaline-induced contrac-
tions of the rat aorta. British Journal of Pharmacology, 118, 1065–
1071. https://doi.org/10.1111/j.1476-5381.1996.tb155 07.x

Dam, V. S., Boedtkjer, D. M., Aalkjaer, C., & Matchkov, V. (2014). The 
bestrophin- and TMEM16A-associated Ca2+- activated Cl− chan-
nels in vascular smooth muscles. Channels (Austin), 8, 361–369.

Dam, V. S., Boedtkjer, D. M., Nyvad, J., Aalkjaer, C., & Matchkov, 
V. (2014). TMEM16A knockdown abrogates two different Ca2+-
activated Cl− currents and contractility of smooth muscle in rat 
mesenteric small arteries. Pflugers Archiv. European Journal 
of Physiology, 466, 1391–1409. https://doi.org/10.1007/s0042 
4-013-1382-1

Davis, A. J., Forrest, A. S., Jepps, T. A., Valencik, M. L., Wiwchar, M., 
Singer, C. A., Sones, W. R., Greenwood, I. A., & Leblanc, N. (2010). 
Expression profile and protein translation of TMEM16A in murine 
smooth muscle. American Journal of Physiology. Cell Physiology, 
299, C948–959. https://doi.org/10.1152/ajpce ll.00018.2010

Davis, A. J., Shi, J., Pritchard, H. A., Chadha, P. S., Leblanc, N., 
Vasilikostas, G., Yao, Z., Verkman, A. S., Albert, A. P., & Greenwood, 
I. A. (2013). Potent vasorelaxant activity of the TMEM16A inhibitor 
T16A(inh) -A01. British Journal of Pharmacology, 168, 773–784.

Falloon, B. J., Stephens, N., Tulip, J. R., & Heagerty, A. M. (1995). 
Comparison of small artery sensitivity and morphology in pres-
surized and wire-mounted preparations. American Journal of 
Physiology, 268, H670–H678. https://doi.org/10.1152/ajphe 
art.1995.268.2.H670

Forrest, A. S., Angermann, J. E., Raghunathan, R., Lachendro, C., 
Greenwood, I. A., & Leblanc, N. (2010). Intricate interaction be-
tween store-operated calcium entry and calcium-activated chloride 
channels in pulmonary artery smooth muscle cells. Advances in 
Experimental Medicine and Biology, 661, 31–55.

Forrest, A. S., Joyce, T. C., Huebner, M. L., Ayon, R. J., Wiwchar, M., 
Joyce, J., Freitas, N., Davis, A. J., Ye, L., Duan, D. D., Singer, C. A., 
Valencik, M. L., Greenwood, I. A., & Leblanc, N. (2012). Increased 
TMEM16A-encoded calcium-activated chloride channel activ-
ity is associated with pulmonary hypertension. American Journal 
of Physiology, 303, C1229–C1243. https://doi.org/10.1152/ajpce 
ll.00044.2012

Greenwood, I. A., & Leblanc, N. (2007). Overlapping pharmacology 
of Ca2+-activated Cl− and K+ channels. Trends in Pharmacological 
Sciences, 28, 1–5. https://doi.org/10.1016/j.tips.2006.11.004

Gros, R., Afroze, T., You, X. M., Kabir, G., Van Wert, R., Kalair, W., 
Hoque, A. E., Mungrue, I. N., & Husain, M. (2003). Plasma mem-
brane calcium ATPase overexpression in arterial smooth muscle in-
creases vasomotor responsiveness and blood pressure. Circulation 
Research, 93, 614–621. https://doi.org/10.1161/01.RES.00000 
92142.19896.D9

Gui, D., Li, Y., & Chen, X. (2015). Alterations of TMEM16a allostery 
in human retinal microarterioles in long-standing hypertension. 
IUBMB Life, 67, 348–354. https://doi.org/10.1002/iub.1376

Heinze, C., Seniuk, A., Sokolov, M. V., Huebner, A. K., Klementowicz, 
A. E., Szijarto, I. A., Schleifenbaum, J., Vitzthum, H., Gollasch, M., 
Ehmke, H., Schroeder, B. C., & Hubner, C. A. (2014). Disruption 
of vascular Ca2+-activated chloride currents lowers blood pres-
sure. Journal of Clinical Investigation, 124, 675–686. https://doi.
org/10.1172/JCI70025

Horvath, B., Vaczi, K., Hegyi, B., Gonczi, M., Dienes, B., Kistamas, 
K., Banyasz, T., Magyar, J., Baczko, I., Varro, A., Seprenyi, 
G., Csernoch, L., Nanasi, P. P., & Szentandrassy, N. (2016). 

Sarcolemmal Ca(2+)-entry through L-type Ca(2+) channels con-
trols the profile of Ca(2+)-activated Cl(-) current in canine ventric-
ular myocytes. Journal of Molecular and Cellular Cardiology, 97, 
125–139. https://doi.org/10.1016/j.yjmcc.2016.05.006

Jensen, A. B., Joergensen, H. B., Dam, V. S., Kamaev, D., Boedtkjer, D., 
Fuchtbauer, E. M., Aalkjaer, C., & Matchkov, V. V. (2018). Variable 
contribution of TMEM16A to tone in murine arterial vasculature. 
Basic & Clinical Pharmacology & Toxicology, 123, 30–41. https://
doi.org/10.1111/bcpt.12984

Jensen, P. E., Mulvany, M. J., & Aalkjaer, C. (1992). Endogenous 
and exogenous agonist-induced changes in the coupling be-
tween [Ca2+]i and force in rat resistance arteries. Pflügers Archiv 
European Journal of Physiology, 420, 536–543. https://doi.
org/10.1007/BF003 74630

Jin, X., Shah, S., Liu, Y., Zhang, H., Lees, M., Fu, Z., Lippiat, J. D., 
Beech, D. J., Sivaprasadarao, A., Baldwin, S. A., Zhang, H., & 
Gamper, N. (2013). Activation of the Cl− channel ANO1 by local-
ized calcium signals in nociceptive sensory neurons requires cou-
pling with the IP3 receptor. Science Signalling, 6, ra73. https://doi.
org/10.1126/scisi gnal.2004184

Kajioka, S., Takahashi-Yanaga, F., Shahab, N., Onimaru, M., Matsuda, 
M., Takahashi, R., Asano, H., Morita, H., Morimoto, S., Yonemitsu, 
Y., Hayashi, M., Seki, N., Sasaguri, T., Hirata, M., Nakayama, S., & 
Naito, S. (2012). Endogenous cardiac troponin T modulates Ca(2+)-
mediated smooth muscle contraction. Scientific Reports, 2, 979. 
https://doi.org/10.1038/srep0 0979

Kudryavtseva, O., Aalkjaer, C., & Matchkov, V. V. (2013). Vascular 
smooth muscle cell phenotype is defined by Ca2+-dependent tran-
scription factors. FEBS Journal, 280, 5488–5499.

Large, W. A., & Wang, Q. (1996). Characteristics and physiological role 
of the Ca2+-activated Cl− conductance in smooth muscle. American 
Journal of Physiology, 271, C435–C454. https://doi.org/10.1152/
ajpce ll.1996.271.2.C435

Leblanc, N., Forrest, A. S., Ayon, R. J., Wiwchar, M., Angermann, J. 
E., Pritchard, H. A., Singer, C. A., Valencik, M. L., Britton, F., & 
Greenwood, I. A. (2015). Molecular and functional significance of 
Ca2+-activated Cl− channels in pulmonary arterial smooth muscle. 
Pulmonary Circulation, 5, 244–268.

Leblanc, N., Ledoux, J., Saleh, S., Sanguinetti, A., Angermann, J., 
O'Driscoll, K., Britton, F., Perrino, B. A., & Greenwood, I. A. 
(2005). Regulation of calcium-activated chloride channels in 
smooth muscle cells: A complex picture is emerging. Canadian 
Journal of Physiology and Pharmacology, 83, 541–556. https://doi.
org/10.1139/y05-040

Liu, Z., Chang, A. N., Grinnell, F., Trybus, K. M., Milewicz, D. M., 
Stull, J. T., & Kamm, K. E. (2017). Vascular disease-causing mu-
tation, smooth muscle alpha-actin R258C, dominantly suppresses 
functions of alpha-actin in human patient fibroblasts. Proceedings 
of the National Academy of Sciences of the United States of America, 
114, E5569–E5578.

Loirand, G., Cario-Toumaniantz, C., Chardin, P., & Pacaud, P. (1999). 
The Rho-related protein Rnd1 inhibits Ca2+ sensitization of rat 
smooth muscle. Journal of Physiology, 516(Pt 3), 825–834.

Manoury, B., Tamuleviciute, A., & Tammaro, P. (2010). TMEM16A/
anoctamin 1 protein mediates calcium-activated chloride currents in 
pulmonary arterial smooth muscle cells. Journal of Physiology, 588, 
2305–2314. https://doi.org/10.1113/jphys iol.2010.189506

Matchkov, V. V., Boedtkjer, D. M., & Aalkjaer, C. (2015). The role of 
Ca activated Cl channels in blood pressure control. Current Opinion 
in Pharmacology, 21, 127–137.

https://doi.org/10.1111/j.1476-5381.1996.tb15507.x
https://doi.org/10.1007/s00424-013-1382-1
https://doi.org/10.1007/s00424-013-1382-1
https://doi.org/10.1152/ajpcell.00018.2010
https://doi.org/10.1152/ajpheart.1995.268.2.H670
https://doi.org/10.1152/ajpheart.1995.268.2.H670
https://doi.org/10.1152/ajpcell.00044.2012
https://doi.org/10.1152/ajpcell.00044.2012
https://doi.org/10.1016/j.tips.2006.11.004
https://doi.org/10.1161/01.RES.0000092142.19896.D9
https://doi.org/10.1161/01.RES.0000092142.19896.D9
https://doi.org/10.1002/iub.1376
https://doi.org/10.1172/JCI70025
https://doi.org/10.1172/JCI70025
https://doi.org/10.1016/j.yjmcc.2016.05.006
https://doi.org/10.1111/bcpt.12984
https://doi.org/10.1111/bcpt.12984
https://doi.org/10.1007/BF00374630
https://doi.org/10.1007/BF00374630
https://doi.org/10.1126/scisignal.2004184
https://doi.org/10.1126/scisignal.2004184
https://doi.org/10.1038/srep00979
https://doi.org/10.1152/ajpcell.1996.271.2.C435
https://doi.org/10.1152/ajpcell.1996.271.2.C435
https://doi.org/10.1139/y05-040
https://doi.org/10.1139/y05-040
https://doi.org/10.1113/jphysiol.2010.189506


16 of 17 |   MATCHKOV eT Al.

Matchkov, V. V., Larsen, P., Bouzinova, E. V., Rojek, A., Boedtkjer, 
D. M., Golubinskaya, V., Pedersen, F. S., Aalkjaer, C., & Nilsson, 
H. (2008). Bestrophin-3 (vitelliform macular dystrophy 2-like 3 
protein) is essential for the cGMP-dependent calcium-activated 
chloride conductance in vascular smooth muscle cells. Circulation 
Research, 103, 864–872. https://doi.org/10.1161/CIRCR ESAHA. 
108.178517

Matchkov, V. V., Secher Dam, V., Bødtkjer, D. M. B., & Aalkjær, C. 
(2013). Transport and function of chloride in vascular smooth 
muscles. Journal of Vascular Research, 50, 69–87. https://doi.
org/10.1159/00034 5242

Mendelsohn, M. E. (2005). In hypertension, the kidney is not always the 
heart of the matter. Journal of Clinical Investigation, 115, 840–844. 
https://doi.org/10.1172/JCI20 0524806

Mulorz, J., Spin, J. M., Beck, H. C., Tha Thi, M. L., Wagenhauser, M. 
U., Rasmussen, L. M., Lindholt, J. S., Tsao, P. S. C., & Steffensen, 
L. B. (2020). Hyperlipidemia does not affect development of elas-
tase-induced abdominal aortic aneurysm in mice. Atherosclerosis, 
311, 73–83. https://doi.org/10.1016/j.ather oscle rosis.2020.08.012

Mulvany, M. J., & Aalkjaer, C. (1990). Structure and function of 
small arteries. Physiological Reviews, 70, 921–961. https://doi.
org/10.1152/physr ev.1990.70.4.921

Mulvany, M. J., & Halpern, W. (1977). Contractile properties of small 
arterial resistance vessels in spontaneously hypertensive and nor-
motensive rats. Circulation Research, 41, 19–26. https://doi.
org/10.1161/01.RES.41.1.19

Mulvany, M. J., Hansen, O. K., & Aalkjaer, C. (1978). Direct evidence 
that the greater contractility of resistance vessels in spontaneously 
hypertensive rats is associated with a narrowed lumen, a thick-
ened media, and an increased number of smooth muscle cell lay-
ers. Circulation Research, 43, 854–864. https://doi.org/10.1161/01.
RES.43.6.854

Pang, C. C., & Chan, T. C. (1985). Differential intraarterial pressure re-
cordings from different arteries in the rat. Journal of Pharmacological 
Methods, 13, 325–330. https://doi.org/10.1016/0160-5402(85)90014 
-2

Papp, R., Nagaraj, C., Zabini, D., Nagy, B. M., Lengyel, M., 
Skofic Maurer, D., Sharma, N., Egemnazarov, B., Kovacs, G., 
Kwapiszewska, G., Marsh, L. M., Hrzenjak, A., Hofler, G., 
Didiasova, M., Wygrecka, M., Sievers, L. K., Szucs, P., Enyedi, P., 
Ghanim, B., … Olschewski, A. (2019). Targeting TMEM16A to 
reverse vasoconstriction and remodelling in idiopathic pulmonary 
arterial hypertension. European Respiratory Journal, 53.

Pedemonte, N., & Galietta, L. J. (2014). Structure and function of 
TMEM16 proteins (anoctamins). Physiological Reviews, 94, 419–
459. https://doi.org/10.1152/physr ev.00039.2011

Peng, H. L., Ivarsen, A., Nilsson, H., & Aalkjaer, C. (1998). On the 
cellular mechanism for the effect of acidosis on vascular tone. Acta 
Physiologica Scandinavica, 164, 517–525. https://doi.org/10.1111/
j.1365-201X.1998.tb107 01.x

Penn, R. B., & Benovic, J. L. (2008). Regulation of heterotrimeric G 
protein signaling in airway smooth muscle. Proceedings of the 
American Thoracic Society, 5, 47–57. https://doi.org/10.1513/
pats.20070 5-054VS

Retailleau, K., Duprat, F., Arhatte, M., Ranade, S. S., Peyronnet, R., 
Martins, J. R., Jodar, M., Moro, C., Offermanns, S., Feng, Y., 
Demolombe, S., Patel, A., & Honore, E. (2015). Piezo1 in smooth 
muscle cells is involved in hypertension-dependent arterial re-
modeling. Cell Reports, 13, 1161–1171. https://doi.org/10.1016/j.
celrep.2015.09.072

Rock, J. R., Futtner, C. R., & Harfe, B. D. (2008). The transmembrane 
protein TMEM16A is required for normal development of the mu-
rine trachea. Developmental Biology, 321, 141–149. https://doi.
org/10.1016/j.ydbio.2008.06.009

Rock, J. R., & Harfe, B. D. (2008). Expression of TMEM16 paralogs 
during murine embryogenesis. Developmental Dynamics, 237, 
2566–2574. https://doi.org/10.1002/dvdy.21676

Schroeder, B. C., Cheng, T., Jan, Y. N., & Jan, L. Y. (2008). Expression 
cloning of TMEM16A as a calcium-activated chloride chan-
nel subunit. Cell, 134, 1019–1029. https://doi.org/10.1016/j.
cell.2008.09.003

Shimokawa, H., Sunamura, S., & Satoh, K. (2016). RhoA/Rho-kinase 
in the cardiovascular system. Circulation Research, 118, 352–366. 
https://doi.org/10.1161/CIRCR ESAHA.115.306532

Sun, H., Xia, Y., Paudel, O., Yang, X. R., & Sham, J. S. (2012). Chronic 
hypoxia-induced upregulation of Ca2+-activated Cl− channel in pul-
monary arterial myocytes: A mechanism contributing to enhanced 
vasoreactivity. Journal of Physiology, 590, 3507–3521.

Thomas-Gatewood, C., Neeb, Z. P., Bulley, S., Adebiyi, A., Bannister, J. 
P., Leo, M. D., & Jaggar, J. H. (2011). TMEM16A channels generate 
Ca2+-activated Cl− currents in cerebral artery smooth muscle cells. 
American Journal of Physiology, 301, H1819–H1827.

Velasquez, L. S., Sutherland, L. B., Liu, Z., Grinnell, F., Kamm, K. E., 
Schneider, J. W., Olson, E. N., & Small, E. M. (2013). Activation 
of MRTF-A-dependent gene expression with a small molecule pro-
motes myofibroblast differentiation and wound healing. Proceedings 
of the National Academy of Sciences of the United States of America, 
110, 16850–16855. https://doi.org/10.1073/pnas.13167 64110

Wang, B., Li, C., Huai, R., & Qu, Z. (2015). Overexpression of ANO1/
TMEM16A, an arterial Ca2+-activated Cl− channel, contributes 
to spontaneous hypertension. Journal of Molecular and Cellular 
Cardiology, 82, 22–32. https://doi.org/10.1016/j.yjmcc.2015.02.020

Wang, M., Yang, H., Zheng, L. Y., Zhang, Z., Tang, Y. B., Wang, G. 
L., Du, Y. H., Lv, X. F., Liu, J., Zhou, J. G., & Guan, Y. Y. (2012). 
Downregulation of TMEM16A calcium-activated chloride chan-
nel contributes to cerebrovascular remodeling during hyperten-
sion through promoting basilar smooth muscle cell proliferation. 
Circulation, 125, 697–707.

Wang, Q., Leo, M. D., Narayanan, D., Kuruvilla, K. P., & Jaggar, J. H. 
(2016). Local coupling of TRPC6 to ANO1/TMEM16A channels 
in smooth muscle cells amplifies vasoconstriction in cerebral arter-
ies. American Journal of Physiology-Cell Physiology, 310, C1001–
1009. https://doi.org/10.1152/ajpce ll.00092.2016

Wojciak-Stothard, B., Zhao, L., Oliver, E., Dubois, O., Wu, Y., 
Kardassis, D., Vasilaki, E., Huang, M., Mitchell, J. A., Harrington, 
L. S., Prendergast, G. C., & Wilkins, M. R. (2012). Role of RhoB in 
the regulation of pulmonary endothelial and smooth muscle cell re-
sponses to hypoxia. Circulation Research, 110, 1423–1434. https://
doi.org/10.1161/CIRCR ESAHA.112.264473

Yang, Y. D., Cho, H., Koo, J. Y., Tak, M. H., Cho, Y., Shim, W. S., 
Park, S. P., Lee, J., Lee, B., Kim, B. M., Raouf, R., Shin, Y. K., & 
Oh, U. (2008). TMEM16A confers receptor-activated calcium-de-
pendent chloride conductance. Nature, 455, 1210–1215. https://doi.
org/10.1038/natur e07313

Zhang, C. H., Wang, P., Liu, D. H., Chen, C. P., Zhao, W., Chen, X., 
Chen, C., He, W. Q., Qiao, Y. N., Tao, T., Sun, J., Peng, Y. J., 
Lu, P., Zheng, K., Craige, S. M., Lifshitz, L. M., Keaney, J. F. Jr, 
Fogarty, K. E., ZhuGe, R., & Zhu, M. S. (2016). The molecular 
basis of the genesis of basal tone in internal anal sphincter. Nature 
Communications, 7, 11358. https://doi.org/10.1038/ncomm s11358

https://doi.org/10.1161/CIRCRESAHA.108.178517
https://doi.org/10.1161/CIRCRESAHA.108.178517
https://doi.org/10.1159/000345242
https://doi.org/10.1159/000345242
https://doi.org/10.1172/JCI200524806
https://doi.org/10.1016/j.atherosclerosis.2020.08.012
https://doi.org/10.1152/physrev.1990.70.4.921
https://doi.org/10.1152/physrev.1990.70.4.921
https://doi.org/10.1161/01.RES.41.1.19
https://doi.org/10.1161/01.RES.41.1.19
https://doi.org/10.1161/01.RES.43.6.854
https://doi.org/10.1161/01.RES.43.6.854
https://doi.org/10.1016/0160-5402(85)90014-2
https://doi.org/10.1016/0160-5402(85)90014-2
https://doi.org/10.1152/physrev.00039.2011
https://doi.org/10.1111/j.1365-201X.1998.tb10701.x
https://doi.org/10.1111/j.1365-201X.1998.tb10701.x
https://doi.org/10.1513/pats.200705-054VS
https://doi.org/10.1513/pats.200705-054VS
https://doi.org/10.1016/j.celrep.2015.09.072
https://doi.org/10.1016/j.celrep.2015.09.072
https://doi.org/10.1016/j.ydbio.2008.06.009
https://doi.org/10.1016/j.ydbio.2008.06.009
https://doi.org/10.1002/dvdy.21676
https://doi.org/10.1016/j.cell.2008.09.003
https://doi.org/10.1016/j.cell.2008.09.003
https://doi.org/10.1161/CIRCRESAHA.115.306532
https://doi.org/10.1073/pnas.1316764110
https://doi.org/10.1016/j.yjmcc.2015.02.020
https://doi.org/10.1152/ajpcell.00092.2016
https://doi.org/10.1161/CIRCRESAHA.112.264473
https://doi.org/10.1161/CIRCRESAHA.112.264473
https://doi.org/10.1038/nature07313
https://doi.org/10.1038/nature07313
https://doi.org/10.1038/ncomms11358


   | 17 of 17MATCHKOV eT Al.

Zhang, M., Fang, H., Zhou, J., & Herring, B. P. (2007). A novel role 
of Brg1 in the regulation of SRF/MRTFA-dependent smooth mus-
cle-specific gene expression. Journal of Biological Chemistry, 282, 
25708–25716. https://doi.org/10.1074/jbc.M7019 25200

SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.

How to cite this article: Matchkov VV, Joergensen 
HB, Kamaev D, et al. A paradoxical increase of force 
development in saphenous and tail arteries from 
heterozygous ANO1 knockout mice. Physiol Rep. 
2020;00:e14645. https://doi.org/10.14814/ phy2.14645

https://doi.org/10.1074/jbc.M701925200
https://doi.org/10.14814/phy2.14645

