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Caveolin-3 prevents swelling-induced membrane
damage via regulation of ICl,swell activity
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ABSTRACT Caveola membrane structures harbor mechanosensitive chloride channels (MCCs; including chloride channel 2,
chloride channel 3, and SWELL1, also known as LRRC8A) that form a swelling-activated chloride current (ICl,swell) and play an
important role in cell volume regulation and mechanoelectrical signal transduction. However, the role of the muscle-specific cav-
eolar scaffolding protein caveolin-3 (Cav3) in regulation of MCC expression, activity, and contribution to membrane integrity in
response to mechanical stress remains unclear. Here we showed that Cav3-transfected (Cav3-positive) HEK293 cells were
significantly resistant to extreme (<20 milliosmole) hypotonic swelling compared with native (Cav3-negative) HEK293 cells;
the percentage of cells with membrane damage decreased from 45% in Cav3-negative cells to 17% in Cav3-positive cells
(p < 0.05). This mechanoprotection was significantly reduced (p < 0.05) when cells were exposed to the ICl,swell-selective inhib-
itor 4-[(2-butyl-6,7-dichloro-2-cyclopentyl-2,3-dihydro-1-oxo-1H-inden-5-yl)oxy]butanoic acid (10 mM). These results were reca-
pitulated in isolated mouse ventricular myocytes, where the percentage of cardiomyocytes with membrane damage increased
from 47% in control cells to 78% in 4-[(2-butyl-6,7-dichloro-2-cyclopentyl-2,3-dihydro-1-oxo-1H-inden-5-yl)oxy]butanoic acid-
treated cells (p < 0.05). A higher resistance to hypotonic swelling in Cav3-positive HEK293 cells was accompanied by a signif-
icant twofold increase of ICl,swell current density and SWELL1 protein expression, whereas ClC-2/3 protein levels remained
unchanged. Förster resonance energy transfer analysis showed a less than 10-nm membrane and intracellular association be-
tween Cav3 and SWELL1. Cav3/SWELL1 membrane Förster resonance energy transfer efficiency was halved in mild (220 milli-
osmole) hypotonic solution as well as after disruption of caveola structures via cholesterol depletion by 1-h treatment with 10 mM
methyl-b-cyclodextrin. A close association between Cav3 and SWELL1 was confirmed by co-immunoprecipitation analysis. Our
findings indicate that, in the MCCs tested, SWELL1 abundance and activity are regulated by Cav3 and that their association
relies on membrane tension and caveola integrity. This study highlights the mechanoprotective role of Cav3, which is facilitated
by complimentary SWELL1 expression and activity.
SIGNIFICANCE Mechanoprotective properties imparted by caveola-generating caveolin-3 (Cav3) expression is facili-
tated by complimentary SWELL1 mechanosensitive chloride channel expression and activity via a corresponding swelling-
activated chloride current (ICl,swell). Cav3-positive HEK293 cells are highly resistant to swelling-induced membrane dam-
age, which is reduced via ICl,swell inhibition. This effect is also observed in mouse ventricular myocytes. Cav3 expression
upregulates the SWELL1 protein expression level and its activity in HEK293 cells. Although all mechanosensitive chloride
channels, including chloride channel 2, chloride channel 3, and SWELL-1, associate with the caveolar scaffolding protein
Cav3, only the interaction between SWELL1 and Cav3 is dependent on membrane tension and caveola integrity and could
be implicated in pathological remodeling of ICl,swell observed in various cardiac pathologies conditioned by pressure and/or
volume overload of the heart that are associated with caveola remodeling.
INTRODUCTION

Several studies have linked various mechanosensitive chlo-
ride channels (MCCs) to specialized membrane structures
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known as caveolae (1–4). These are a subset of lipid rafts
that are small (50–100 nm), flask-shaped sarcolemmal
membrane invaginations generated by caveolin scaffolding
proteins and cavins and are enriched with cholesterol, sphin-
golipids, and phospholipids (5). Caveolae play an important
role in various signal transduction pathways and are known
to act as a cell membrane reserve by buffering mechanical
forces and contributing to cell volume regulation (6–8). In
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the heart, caveolae increase the plasma membrane surface
area by 27% in rat ventricular myocytes (9), by 56% in
rabbit atrial cells, and by 115% in rabbit sinoatrial node
pacemaker cells (10), and cell stretch induced by a hypoton-
ic solution incorporates this reserved membrane into the
surface membrane via caveola flattening (6,7). These char-
acteristics allow caveolae to adapt cells to mechanical stress
(11,12), facilitate mechanotransduction as mechanosensors
(13), and protect cells during pathological events such as
ischemia-reperfusion injury (14).

In addition to their ability to influence cell volume, it has
been shown in various cell types that caveolae are actively
involved in mechanoelectrical feedback, modulating the acti-
vation of mechanosensitive ion channels, including MCCs
(1,15,16). These interactions are predicted via association
of MCCs with the caveolar scaffolding proteins caveolin-1
(Cav1) and caveolin-3 (Cav3) via a complimentary caveolin
binding motif (CBM) (17), with Cav3 being a muscle-spe-
cific isoform expressed in cardiac, skeletal, and smooth mus-
cle cells (18,19). Caveola-associated localization of MCCs
may affect their expression level, trafficking to the mem-
brane, biophysical properties, as well as the response to
stretch and various exogenous and endogenous modulators
(20–23). MCCs have been found to play a significant role
in preventing cell death induced by hypoxia (common in
ischemia-reperfusion injury) (24) or hypotonically induced
mechanical stress (modeling hypertension) (25). Although
our preliminary studies indicate that three MCCs, chloride
channel 2 (ClC-2), chloride channel 3 (ClC-3), and
SWELL1 (also known as LRRC8A (leucine-rich repeat-con-
taining protein 8 A)), may be associated with Cav3 in rat and
human atrial myocardium (1), the mechanisms by which
Cav3 prevents cell damage under adverse conditions as
well as how Cav3 interacts with these channels and modu-
lates their stretch-related activity remains unknown.

Nearly inactive under resting conditions, MCCs slowly
open (>2 min) upon hypotonic swelling and/or cell stretch
to regulate cell volume (3). In the heart, MCCs are specif-
ically involved in regulation of cardiac electrical activity
and are one of the key components of mechanoelectrical
feedback, which is the regulation of cardiac output in
response to a change of cardiac pressure and/or volume
loading that can alter cardiac action potential morphology
(1,26,27). Other channels that can affect this feedback sys-
tem are activation of mechanoactivated ion currents,
including ITREK and ITRAAK (28–30), IBK (31), and INS
(32), and modulation of electrical activity of some of the
voltage-gated channels, including ICaL (33), IKur (32), and
IK1 (34), which have been linked to various cardiac arrhyth-
mias (26,35,36). Through this mechanoelectrical feedback,
MCCs have been linked to stretch-dependent changes in ac-
tion potential duration and depolarization of the resting
membrane potential (1), regulation of sinoatrial node pace-
maker automaticity (16,37), arrhythmogenesis (26,36),
myocardium hypertrophy (8,38,39), and ischemia-reperfu-
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sion damage (38,40). Despite the importance of MCCs in
cellular physiology, the molecular identity of the swelling-
activated chloride current (ICl,swell) in cardiomyocytes has
not been elucidated. Several candidates, including ClC-2,
ClC-3, and SWELL1, have been proposed to form ICl,swell
in the heart (1,41,42), but the exact molecular composition
of cardiac ICl,swell remains unknown.

In the present study, we hypothesize that Cav3 prevents
membrane damage by upregulating MCC protein abundance
and the corresponding ICl,swell. To test this hypothesis, we
used HEK293 cells transfected with Cav3 to determine its ef-
fect on membrane integrity under extreme hypotonic condi-
tions, MCC expression, and ICl,swell activity. We performed
Förster resonance energy transfer (FRET)-based analysis to
evaluate whether the association of Cav3 and various
MCCs was dependent on cell stretch and/or caveola integrity.
Our findings indicate that Cav3-positive HEK293 cells are
highly resistant to extreme hypotonic conditions compared
with native (Cav3-negative) HEK293 cells. This enhanced
resistance to swelling-induced membrane damage was
significantly decreased by incubation with 4-[(2-butyl-6,7-
dichloro-2-cyclopentyl-2,3-dihydro-1-oxo-1H-inden-5-yl)
oxy]butanoic acid (DCPIB), an ICL,swell inhibitor. Our find-
ings were recapitulated in freshly isolated mouse ventricular
cardiomyocytes. We then showed that Cav3 expression in
HEK293 cell lines leads to a twofold increase in an endoge-
nous ICl,swell current and upregulation of caveola structure
density, which was accompanied by a significant increase
in SWELL1 protein abundance, with no changes in ClC-3
and ClC-2 expression levels, which supports previous studies
indicating SWELL1 channels as the primary contributors to
ICl,swell in HEK293 cell lines (42,43). We found that only
SWELL1 had dynamic interactions with Cav3, as indicated
by significant changes in Cav3/SWELL1 FRET efficiency
during HEK293 cell incubation in hypotonic or methyl-
b-cyclodextrin (MbCD) solution, conditions that flatten cav-
eolae in cardiomyocytes, as seen in a previous study (6).
MATERIALS AND METHODS

HEK293 cell culture

Cav3-negative and Cav3-positive HEK293 cell lines were maintained at

more than 75% confluency in Dulbecco’s Modified Eagle Medium supple-

mented with 10% fetal bovine serum. Cav3-positive HEK293 cell lines

were generously provided by the Dr. Lee L. Eckhardt (University of Wis-

consin-Madison). Passage number did not exceed 25.
HEK293 cell stretch imaging and analysis

The day before imaging, HEK293 cells were plated at more than 10% con-

fluency on glass-bottom dishes (MatTek) to obtain isolated cells. Cells were

incubated with 37�C isotonic (300 milliosmole [mOsM]) or 1 T (Tyrode’s)

solution with or without 10 mM DCPIB for 1 h and then incubated at 37�C
with extreme hypotonic solution (0 T – distilled water) for 15 min. As a

negative control, both cell lines were also incubated with 37�C isotonic so-

lution (1 T) for 15 min. Tyrode’s solution contained 140 mMNaCl, 5.4 mM
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KCl, 1.2 mM KH2PO4, 1 mM MgCl2, 1.8 mM CaCl2, 5 mM HEPES, and

5.5 mM dextrose (pH 7.4) (NaOH). During incubation, images were

collected every 15 s using NIS-Elements Viewer and analyzed via NIS-

Elements Viewer or ImageJ. As performed in previous studies (44–46), iso-

lated cells were considered to have membrane damage when lysis or mem-

brane blebbing was observed during extreme hypotonic treatment, whereas

those that decreased after maximal swelling were considered to be undergo-

ing a regulatory volume decrease (Fig. 1 A).
Isolation of mouse ventricular myocytes

All methods and protocols used in this study were approved by the animal

care and use committee of the University of Wisconsin-Madison following

the Guidelines for Care and Use of Laboratory Animals published by the

National Institutes of Health (publication 85-23, revised 1996). All ani-

mals used in this study received human care in compliance with the

Guide for the Care and Use of Laboratory Animals. Left ventricular my-

ocytes were isolated according to the protocol modified from (47). Adult
(8–10 weeks old) C57BL6 male mice were used (n ¼ 17). Mice were in-

jected with 100 units of heparin and anesthetized with isoflurane (induced

at 3%–5% and maintained at 1%–3%). To ensure an appropriate level of

anesthesia, loss of the pain reflex was confirmed. The heart was extracted,

cannulated, and perfused with Tyrode’s solution (37�C, 4 min). Then the

heart was perfused with ‘‘low Ca2þ’’ solution for 4 min. ‘‘Low Ca2þ’’ so-
lution contained 113 mM NaCl, 4.7 mM KCl, 0.6 mM Na2HPO4, 0.6 mM

NaHCO3, 1.2 mM MgS04, 10 mM KHCO3, 30 mM taurine, and 10 mM

HEPES containing 10 mM 2,3-butanedione monoxime (pH 7.2)

(NaOH). Then the perfusion switched to ‘‘low Ca2þ’’ solution containing

0.05 mg/mL Liberase Thermolysin low for 10 min. The left ventricle was

removed and placed in modified potassium bromide solution containing

100 mM KC5H8NO4, 10 mM potassium aspartate, 25 mM KCl, 10 mM

KH2PO4, 2 mM MgSO4, 20 mM taurine, 5 mM creatine, 0.5 mM

EGTA, 5 mM HEPES, 20 mM dextrose, and 1 mg/mL bovine serum albu-

min (pH 7.4) (KOH). After resting for 1 min, the ventricle was sliced into

small pieces and thoroughly mixed via pipetting over several minutes. Iso-

lated single ventricular myocytes were recalcified to a final 1 mM Ca2þ

concentration and kept in modified KB solution.
FIGURE 1 Effect of Cav3 expression and DCPIB

on membrane damage and relative cell size during

hypotonic stress. (A) Representative images of

Cav3-negative (Cav3(�)) HEK293 cells in isotonic

and extreme hypotonic solutions with membrane

damage (blebbing or lysis) or undergoing a regulato-

ry volume decrease. (B) Percentage of Cav3(�) and

Cav3-positive (Cav3(þ)) HEK293 cells with mem-

brane damage, treated with 10 mM DCPIB and incu-

bated for 15 min in extreme hypotonic solution.

Cav3(þ) HEK293 cells were also treated with or

without DCPIB and isotonic solution as a negative

control. (C) Relative minimum and maximum cell

size of Cav3(�) and Cav3(þ) HEK293 cells treated

with 10 mMDCPIB HEK-293 or left untreated under

isotonic and extreme hypotonic conditions. N ¼ 3

groups, n ¼ 3 samples/group. (D and E) Cav3(�)

and Cav3(þ) HEK293 cell relative cell volume

with extreme hypotonic incubation (Hypo) or

extreme hypotonic incubation with 10 mM DCPIB

(Hypo þ DCPIB) over 15 min *p < 0.05 compared

with time 0. N ¼ 4–5 groups, n > 5 cells/group.

p Values within cell types were calculated with

paired Student’s t-tests. p Values between cell types

were calculated with one-way ANOVA.Mean5 SE.
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Cardiomyocyte cell stretch imaging and analysis

Freshly isolated cardiomyocytes were plated on laminin-coated MatTek

dishes for 30–40 min to allow cell attachment. To disrupt caveolae, a

portion of cardiomyocytes was pretreated with 10 mM MbCD for 30 min

(6,48). The experimental protocol included incubation with isotonic

Tyrode’s (300 mOsM or 1 T Tyrode’s) solution with or without 10 mM

DCPIB for 30 min and then moved to the recording stage. Cell images

were recorded at the baseline and after application of high hypotonic

solution for 20 min (0.1 T). Imaging was performed on a Nikon microscope

using NIS-Elements Viewer. Cell analysis was performed in ImageJ. Iso-

lated cells were considered to have membrane damage when lysis or mem-

brane blebbing was observed during high hypotonic treatment (Fig. 2 A).
CBM analysis

CBMs were identified based on the following motifs: FXXXXFXXF,

FXFXXXXF, and FXFXXXXFXX, where F is an aromatic amino acid

and X is a nonaromatic amino acid (17). In brief, Python was used to convert
1646 Biophysical Journal 121, 1643–1659, May 3, 2022
protein amino acid sequences into binary and scanned for these motifs

(the Python script is available at https://figshare.com/articles/journal_

contribution/Amino_Acid_Conversion_for_Searching_for_Caveolin-Binding_

Domains_/19141901).
FRET transfections and imaging

Caveolin-3-green fluorescent protein (Cav3-GFP, generously provided by

Dr. Timothy J. Kamp, University of Wisconsin-Madison), pCAG-GFP

(Addgene), and MCC-mCherry (Vectorbuilder) plasmids were transiently

transfected into Cav3-negative HEK293 cell lines using Lipofectamine

3000 (Thermo Fisher Scientific) as specified by the protocol. Cell conflu-

ency for transfections did not exceed 25%. Prior to imaging, transfected

HEK293 cells were incubated with 1 T solution for 30 min at 37�C. After
isotonic imaging, HEK293 cells were incubated in mild hypotonic (220

mOsM or 0.7 T) solution for 30 min or for 1 h in 10 mMMbCD 1 T solution

with or without 6.5 mM cholesterol (as a positive control). Images were

collected using a Leica SP5 confocal microscope system under a �63 oil

immersion objective and analyzed using the Leica Sensitized Emission
FIGURE 2 Effect of DCPIB and MbCD on

swelling-induced membrane damage and cell width

in cardiomyocytes. (A) Representative images of iso-

lated mouse ventricular myocytes in isotonic (1 T)

and highly hypotonic solutions (0.1 T) with mem-

brane damage (blebbing or lysis) or no damage.

(B) Percentage of isolated mouse ventricular myo-

cytes with membrane damage, treated with 10 mM

DCPIB and/or 10 mM MbCD and incubated for

20 min in highly hypotonic solution. *p < 0.05

compared with control (0.1 T). (C) Relative

maximum width of isolated mouse ventricular

myocytes treated with 10 mM DCPIB and/or

10 mM MbCD under highly hypotonic conditions.

(D and E) Relative cell width of isolated mouse ven-

tricular myocytes incubated with high hypotonic so-

lution supplemented with 10 mM DCPIB and/or

10 mM MbCD over 12 min. *p < 0.05 compared

with time 0, ##p < 0.05 between the same time

points. N¼ 3–5 groups, n¼ 3–10 cells/group. Mem-

brane damage p values were calculated using a one-

way ANOVA Kruskal-Wallis test. All other p values

were determined via one-way ANOVA. Mean5 SE.

https://figshare.com/articles/journal_contribution/Amino_Acid_Conversion_for_Searching_for_Caveolin-Binding_Domains_/19141901
https://figshare.com/articles/journal_contribution/Amino_Acid_Conversion_for_Searching_for_Caveolin-Binding_Domains_/19141901
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Wizard. In short, the software calculates FRET using the following equa-

tion: EA(i)¼ (B-(A* b) – C*(ɣ - a *b))/(C*(1- b *d)), where A is the donor

channel, B is the FRET channel, C is the acceptor channel, a ¼ A/C (cross-

excitation cross-talk), b¼ B/A (donor cross-talk), ɣ¼ B/C (acceptor cross-

excitation), and d ¼ A/B (FRET cross-talk) (49). GFP excitation and

emission detection was set for 488 nm and 505–515 nm, respectively,

and mCherry excitation and emission detection was set for 568 nm and

605–615 nm, respectively.
Whole-cell patch-clamp electrophysiology

Patch-clamp experiments were carried out in the whole-cell configuration.

Recordings were performed at room temperature using the Axopatch 200 B

amplifier (Axon Instruments, Foster City, CA) with pCLAMP 10.7 soft-

ware. Recording pipettes were pulled from thin-walled borosilicate glass

capillaries (World Precision Instruments, Sarasota FL) with a pipette resis-

tance of 3–5 MU. The recordings were filtered at 2 kHz and digitized at

20 kHz. For ICl,swell measurements, isotonic (1 T Tyrode’s solution,

300 mOsM/kg H2O) bath solution contained 90 mM N-methyl-D-gluc-

amine-chloride, 3 mM MgCl2, 10 mM HEPES, 10 mM glucose, 5 mM

CsCl, 0.5 mM CdCl2, 91.9 mM mannitol (pH 7.4) (CsOH) (1). Hypotonic

(0.7 T Tyrode’s solution) bath solution was made by removing mannitol

from the isotonic solution. The pipette solution for HEK293 cells contained

110 mM Cs-methansulfonate, 20 mM CsCl, 2.5 mMMgATP, 8 mM EGTA,

0.1 mM CaCl2, 10 mM HEPES (pH 7.1) (CsOH). 10 mM DCPIB (Tocris)

was added to hypotonic solution to inhibit ICl,swell. Whole-cell currents

were recorded from a holding potential of �60 mV with 300-ms test pulses

from �100 to 60 mV in 10-mV increments. Data were analyzed using Mi-

crocal Origin software (OriginLab, Northampton, MA, USA).
Western blot

Cav3-negative and Cav3-positive HEK293 cell lines were collected at 70%

confluency with CHAPS lysis buffer (150 mM NaCl, 50 mM Tris-HCl,

0.5% CHAPS, 1� protease inhibitor (Bimake)). Using bicinchoninic acid

assays to determine protein concentration, 10mg of protein was loaded to

each gel (Bio-Rad, 4%–20% Tris-glycine) lane to not exceed the quantifi-

able range of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Gels

were transferred to polyvinylidene fluoride (PVDF) via the Powerblotter

system (Invitrogen) set for mixed-range molecular mass. Membranes

were blocked for 1 h at room temperature with 3% non-fat milk and incu-

bated overnight (�16 h) with a primary antibody (1:500–1:1000) at 4�C.
Corresponding Alexa Fluor-488 fluorescent secondary antibodies were

used to evaluate protein expression. Primary antibodies for Cav3 (rabbit

polyclonal; ab2912, Abcam), ClC-2 (goat polyclonal; SAB2501373,

Sigma-Aldrich), ClC-3 (rabbit polyclonal; ACL-001, Alomone Labs), and

GAPDH (mouse monoclonal, G8795, Millipore Sigma) have been validated

previously (1). SWELL1 (rabbit polyclonal; SAB2108060, Sigma-Aldrich)

antibody validation is provided under Results.
Electron microscopy

Samples were immersion fixed in 2.5% glutaraldehyde, 2.0% paraformalde-

hyde buffered in 0.1 M sodium cacodylate buffer (CB) for 2 h at room tem-

perature. The primary fixed samples were rinsed five times for 5 min each in

CB, post-fixed in 1% osmium tetroxide and 1% potassium ferrocyanide in

0.1 M CB for 1 h at room temperature, and rinsed in CB as before. Dehy-

dration was performed in a graded ethanol series (35%, 50%, 70%, 80%,

and 90% for 5 min each step; 95% for 10 min; and 100% for

3 � 10 min) and then transitioned in propylene oxide twice for 7 min

each. Fully dehydrated samples were infiltrated in increasing concentra-

tions of PolyBed 812 (Polysciences, Warrington, PA) and propylene oxide.

Embedding and polymerization took place in fresh PolyBed 812 for 24 h at
60�C. The glass coverslips were etched away with hydrofluoric acid and

rinsed. The samples were sectioned on a Leica EM UC6 ultramicrotome

at 100 nm. The sections were collected on formvar-coated 300-mesh slot

Cu grids (EMS, Hatfield, PA) and post-stained with uranyl acetate and

lead citrate. The sectioned samples were viewed at 80 kV on a Philips

CM120 transmission electron microscope equipped with a BioSprint12 dig-

ital camera (AMT Imaging Systems, Woburn, MA). Caveolae were defined

as omega-shaped invaginations (open caveolae) or proximal subsarcolem-

mal vesicles (closed caveolae) with a 50- to 100-nm diameter (6–8).
Co-immunoprecipitation

HEK293 cell line lysates were obtained using the aforementioned method,

and immunoprecipitation was carried out using 5 mg of anti-Cav3 or anti-

SWELL1 antibodies; control immunoglobulin G was used at the same con-

centrations as the specific antibodies as a negative control. Briefly, HEK293

cell lysates were incubated with antibodies for 2 h at 4�C and an additional

2 h at 4�C with protein A and protein G magnetic Sepharose beads (Cytiva).

The flowthrough was collected for downstream analysis, and the beads were

washed three times with simple lysis buffer (150 mM NaCl, 50 mM Tris-

HCl). Proteins were then eluted using 2.5% acetic acid and then again

with 4� Laemmli buffer containing dithiothreitol and sodium dodecyl sul-

fate at 50�C for 10 min. Immune complexes were analyzed by Western blot

as described above by probing with antibodies specific for SWELL1, Cav3,

and GAPDH (as a negative control).
qRT-PCR

Total RNA was extracted from HEK293 cell line lysates using TriZol re-

agent (Invitrogen). Quantitative reverse transcription polymerase chain re-

action (qRT-PCR) with probes targeting LRRC8A, Cav3, and GAPDH was

performed using TaqMan Fast Advanced Master Mix (Thermo Fisher Sci-

entific). Levels of messenger RNA (mRNA) were quantified using theDDCt

method and normalized to the housekeeping gene GAPDH.
Statistics

Paired Student’s t-test was used to evaluate the significance of FRET mea-

surements. Unpaired Student’s t-test was used to evaluate the significance

of qPCR, caveola expression, and Western blot experiments between

HEK293 cell types. One-way analysis of variance (ANOVA) was used to

determine significance in cell swelling experiments. Unpaired Student’s

t-test and one-way ANOVA with Bonferroni correction were used for

patch-clamp data. All statistical analyses were performed using GraphPad

Prism 5 (GraphPad Software) or Origin 6.1 (OriginLab). p < 0.05 was

considered statistically significant. Values were presented as mean 5 stan-

dard deviation (SD) or mean 5 standard error (SE), as indicated.
RESULTS

Cav3 reduces membrane damage in HEK293 cells

It has been reported previously that Cav3 and MCCs have a
mechanoprotective role (24,25,50–52). Although Cav3 has
been implicated in regulating MCCs, it has not been directly
shown how this translates into cellular mechanoprotection
(1). To verify that Cav3 improves membrane resistance
to hypotonic solution-induced stretch, we first evaluated
the membrane damage rate of Cav3-negative and Cav3-
positive HEK293 cell lines in extreme hypotonic solution
(<20 mOsM) by monitoring cell morphology over the
Biophysical Journal 121, 1643–1659, May 3, 2022 1647
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course of 15 min (Fig. 1 A). We found that Cav3-positive
HEK293 cells were significantly more resistant to cell
swelling-induced membrane damage, with an average mem-
brane damage rate of 14.7% 5 2.4% compared with a
46.7 5 4.3% rate for Cav3-negative HEK-293 cells
(p < 0.05) (Fig. 1 B). To determine the contribution of ICl,s-
well to this difference, we pre-incubated both cell groups
with 10 mM DCPIB (an ICl,swell inhibitor) before applying
extreme hypotonic solution. We found a significant increase
(by approximately fivefold, p < 0.05) in Cav3-positive cell
membrane damage and a significant increase (1.4-fold,
p < 0.05) for Cav3-negative HEK293 cells (Fig. 1 B).
This indicates that the mechanoprotection provided by
Cav3 may be associated with enhanced volume-regulated
anion channel activity in Cav3-positive HEK293 cells. As
a negative control, we incubated both cell types with
isotonic (300 mOsM) solution with and without 10 mM
DCPIB for 1 h and observed no membrane damage
(Fig. 1 B).

Cav3 expression and DCPIB treatment also had a signif-
icant effect on relative isotonic cell size and overall swelling
size. We found that Cav3-positive HEK293 cells were
�29% smaller compared with Cav3-negative under isotonic
conditions (p < 0.05) and �31% smaller under hypotonic
conditions (p < 0.001), on average (Fig. 1 C). Because the
swelling-induced volume of Cav3-positive HEK293 cells
is still smaller than that of Cav3-negative HEK293 cells,
we speculate that this smaller size is not due to extra caveo-
lae increasing membrane convolution but possibly due to
metabolic load induced by the Cav3-encoding plasmid
and/or the selective agent G418 (53). DCPIB-treated
Cav3-positive HEK293 cells were �19% smaller
(p < 0.05) under hypotonic conditions compared with un-
treated Cav3-positive cells (Fig. 1, C and E). DCPIB may
negate a regulatory volume decrease in Cav3-negative
HEK293 cells, causing them to continue to increase in
size (Fig. 1 D; p < 0.05) and completely abolishes changes
in relative cell volume for Cav3-positive HEK293 cells
(Fig. 1 E; p < 0.05). We speculate that, because ICl,swell is
largely involved in the regulatory volume decrease, it is
possible that DCPIB also activates and inhibits various
K2P potassium channels, such as TREK, TRAAK, and
TRESK channels, that may be enriched in Cav3-positive
HEK293 cells, causing the overall decrease in swelling-
induced volume change observed (27,54).

To provide cardiac relevance to our HEK293 findings, we
performed similar cell swelling experiments on isolated
mouse ventricular myocytes. We found that during a
20-min swelling condition, the average percentage of cardi-
omyocytes with membrane damage increased from 60% for
control to 95% for DCPIB-treated cardiomyocytes (Fig. 2 B;
p < 0.05). This baseline resistance to membrane damage
was abolished with MbCD treatment (95% membrane dam-
age rate; Fig. 2 B; p < 0.05). These findings indicate an
equivalent role of caveola membrane structures and cav-
1648 Biophysical Journal 121, 1643–1659, May 3, 2022
eola-associated ICl,swell in facilitating resistance to mechan-
ical membrane damage in cardiomyocytes. Similar to
HEK293 data, DCPIB pre-treatment significantly reduced
the relative maximal swelling width (Fig. 2 C; p < 0.01)
and swelling width change (Fig. 2, D and E; p < 0.05) of
isolated cardiomyocytes. In contrast to HEK293 cells, con-
trol isolated cardiomyocytes exhibited no regulatory volume
decrease in response to high hypotonic solution.
Cav3 expression increases caveolae abundance
in HEK293 cells

As expected, Cav3 expression significantly increased the
average number of caveolae, including closed, open, and
total caveolae, in Cav3-positive HEK293 cells (Fig. 3 A) by
�40% compared with Cav3-negative HEK293 cells
(p < 0.05; Fig. 3 B). However, because Cav3-positive cells
have a 25% shorter relative cell perimeter compared with
Cav3-negative cells (p < 0.001; Fig. 3 C), Cav3-negative
HEK293 cells may have additional caveolae because of
cell size. To factor this, we corrected the average number
of caveolae in Cav3-positive cells by the difference in cell
perimeter between the two cell types and found that Cav3-
positive HEK293 cells may have �90% more caveolae per
cell compared with Cav3-negative cells (p< 0.001; Fig. 3D).
MCCs are predicted to interact with Cav3

To determine which MCC may interact with Cav3, we per-
formed a CBM analysis. Caveolar proteins may directly
interact with a highly conserved 20-residue sequence of
the caveolin scaffolding domain located in the membrane-
proximal N terminus of Cav3 (Fig. 4 A). This interaction
is achieved via a CBM composed of a series of specifically
spaced aromatic residues (FXFXXXXF, FXXXXFXXF,
or FXFXXXXFXX and their reciprocals, where F is tyro-
sine (Y), phenylalanine (F), or tryptophan (W), and X is any
other amino acid) (17). Caveolin binding domain analysis
revealed three possible CBMs within SWELL1 located in
extracellular loop 1 and transmembrane region 2 and in
the C-terminal cytosolic region (Fig. 4 C). Analysis of
ClC-2 (Fig. 4 D) and ClC-3 (Fig. 4 E) revealed one CBM
in each protein in membrane region 9 and extracellular
loop 1, respectively. CBM analysis of the control proteins
revealed one CBM in GAPDH and none in actin cytosolic
proteins as well as none in Kv11.1 (hERG) K

þ sarcolemmal
non-caveolar (Fig. 4 E) (55) membrane protein. These find-
ings indicate that SWELL1 is the most likely to interact with
Cav3 via a CBM and, thus, likely to be associated with cav-
eola structures.
Cav3 increases SWELL1 abundance

To determine the molecular composition that underlies
ICl,swell augmentation in Cav3-positive HEK293 cells, we



FIGURE 3 Cav3 expression increases caveolae

abundance in HEK293 cells. (A) Representative im-

age of Cav3(þ) HEK293 cells with closed and open

caveolae. (B) Average number of open, closed, and to-

tal caveolae per cell in Cav3(�) and Cav3(þ)

HEK293 cells. N ¼ 4 samples, n ¼ 30 cells/sample.

(C) Average relative Cav3(�) and Cav3(þ)

HEK293 cell perimeter in arbitrary units. N ¼ 4 sam-

ples, n ¼ 10–20 cells/sample. (D) Average number of

total caveolae per cell in Cav3(�) and Cav3(þ)

HEK293 cells, corrected by average relative cell

perimeter. N ¼ 4 samples, n ¼ 30 cells/sample.

Mean 5 SE. Caveolae number p values were calcu-

lated with unpaired Student’s t-test. Relative cell

perimeter p value was determined via Welch’s t test.

Mean 5 SE.
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performed Western blot on both cell types to determine
possible changes in MCC protein abundance. We first
confirmed SWELL1 antibody specificity via small inter-
fering RNA (siRNA) knockdown (Fig. 5, A and B). In
Cav3-positive cells, Western blot demonstrated a twofold
increase in SWELL1 protein abundance, whereas ClC-2
and ClC-3 protein levels were unchanged (Fig. 5 C, E1–
E3), indicating that the increase in ICl,swell current is due
to upregulation of the SWELL1 protein expression level.
Interestingly, qPCR measurements did not show any
significant change in SWELL1mRNA availability relative to
GAPDH in Cav3-positive versus Cav3-negative HEK293
cells (Fig. 5 D). We used co-immunoprecipitation to dissect
the possible physical coupling between Cav3 and SWELL1.
Co-immunoprecipitation analysis of SWELL1 and Cav3
demonstrated reciprocal pulldown (Fig. 5 F), which con-
firms a close association between Cav3 and SWELL1 pro-
teins observed in CBM and FRET experiments.
Cav3 expression increases ICl,swell density in
HEK293 cells

To determine the molecular mechanisms by which Cav3-
positive HEK293 cells resist swelling-induced membrane
damage, we performed patch-clamp experiments to evaluate
changes in ICl,swell current activity. As expected, we also
found significant upregulation of ICl,swell in Cav3-positive
HEK293 cells (Fig. 6). Cav3 expression up-regulated in-
ward and outward components of ICl,swell current at testing
potentials from �100 to þ60 mV. ICl,swell normalized to
cell capacitance at �100 mV in Cav3-positive cells was
significantly larger (�25.9 5 3.4 pA pF�1, n ¼ 9,
p < 0.05) compared with Cav3-negative cells (�14.6 5
2.2 pA pF�1, n ¼ 8; Fig. 4 D). ICl,swell at þ60 mV in
Cav3-positive cells was significantly bigger (47.6 5
6.6 pA pF�1, n ¼ 9, p < 0.05) in comparison with Cav3-
negative cells (27.65 4.2 pA pF�1, n ¼ 8; Fig. 6 D). These
findings, coupled with the cell swelling experiments,
demonstrate that Cav3 expression significantly augments
ICl,swell activity and suggests that this change may play a
crucial role in promoting cellular resistance to swelling-
induced membrane damage.
Cav3/MCC interaction FRET analysis

As performed similarly in previous studies (56,57), to deter-
mine the functional interaction between MCCs and Cav3 un-
der conditions where caveolae may be disrupted by
mechanical or chemical forces, we used Cav3-negative
HEK293 cells transfected with Cav3-GFP (or pCAG-GFP
as a negative control) and SWELL1-, ClC-2-, or ClC-3-
mCherry. Sensitized emission FRET analysis was used to
Biophysical Journal 121, 1643–1659, May 3, 2022 1649



FIGURE 4 CBMs for MCCs. (A) Structure of the caveola scaffolding protein caveolin-3. Caveolin-3 has four primary domains: NH2-terminal domains;

scaffolding domains that form a-helices and are inserted into the membrane, with a cholesterol recognition/interaction amino acid consensus composed of the

eight residues proximal to the membrane domain; helix-turn-helix membrane domains; and COOH-terminal domains. Bars indicate separation of protein

domains. From Busija et al. (75) with permission. (B–D) Location of possible CBMs (shown by asterisks) within SWELL1, ClC-2, and ClC-3 protein struc-

tures. CBS, cystathionine b synthase. (E) CBM counts relative to non-caveola-associated proteins.
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evaluate the dynamics of these interactions in response to
changes in membrane tension and caveola integrity. The pres-
ence of a FRET signal between pCAG-GFP and SWELL1-,
ClC-2-, and ClC-3-mCherry confirms membrane localization
of all three MCC-mCherry variants (Figs. 7 and 8). A subse-
quent FRET signal between Cav3-GFP and MCC-mCherry
variants on the cell periphery indicates Cav3-GFP membrane
localization. The observed Cav3-SWELL1 FRET efficiency
sensitivity to caveola disruption (Fig. 10), also found in Ko-
nig et al. (58), indicates Cav3-GFP membrane localization.
Colocalization analysis (Fig. 9) demonstrated limited mem-
brane colocalization for all FRET probe combinations, with
the highest total colocalization (M1 and M2) between
Cav3-GFP and SWELL1-mCherry. Under isotonic condi-
tions, the FRET efficiency for Cav3-GFP and all MCCs
was between 0.2 and 0.5 (corresponding to an interprotein
distance of 4–8 nm), which indicates a close proximity of
the channel proteins to Cav3 and, therefore, is within the
structural dimension of caveola nanodomains of 50–
100 nm (5).

To activate MCCs, we applied mild (220 mOsM) hypo-
tonic swelling from relative osmolality of 1 T (isotonic)
to 0.7 T (hypotonic). Cav3-GFP and SWELL1-mCherry
FRET efficiency had a reported average of 0.5 (4 nm inter-
protein distance) (Fig. 10 A1). Upon hypotonic incubation,
the average FRET efficiency was significantly decreased
1650 Biophysical Journal 121, 1643–1659, May 3, 2022
to 0.3 (6 nm) (Fig. 10 A1), which was similar to the negative
control average FRET efficiency between pCAG-GFP
(membrane-bound GFP) and SWELL1-mCherry was 0.3
(6 nm) for isotonic and hypotonic conditions (Fig. 10 A2).
The average intracellular Cav3/SWELL1 FRETwas similar
to negative control FRET and not significantly changed be-
tween isotonic and hypotonic conditions (Fig. 10 A3).

Interestingly, the Cav3/ClC-2 (Fig. 10 B1) and Cav3/ClC-3
(Fig. 10 C1) average FRET efficiency was unchanged at 0.2
(8 nm) and 0.4 (5 nm), respectively, between isotonic and hy-
potonic conditions. The pCAG/ClC-2 (Fig. 10 B2) and
pCAG/ClC-3 (Fig. 10 C2) average FRET was higher than
the experimental counterparts and not significantly changed
between isotonic and hypotonic conditions at 0.4 and 0.5,
respectively, indicating that these channels are no more asso-
ciated with Cav3 than a common membrane protein.

To evaluate whether the swelling-induced decrease in
Cav3/SWELL1 FRET was due to caveola disruption, we
treated HEK293 cells transfected with Cav3-GFP and
SWELL1-mCherry with MbCD (a cholesterol solubilizer).
Similar to hypoosmotic swelling, treatment with MbCD re-
sulted in an average FRET efficiency reduction from 0.4 to
0.2 (Fig. 10 D1). This change in Cav3/SWELL1 FRET was
not observed when incubated with cholesterol solubilized
MbCD, acting as a negative control (Fig. 10 D2). As ex-
pected, treatment with MbCD had no significant effect on



FIGURE 5 Effect of Cav3 on MCC protein expression in HEK293 cells. (A) SWELL1 antibody (rabbit polyclonal; SAB2108060, Sigma-Aldrich) vali-

dation, showing representative Western blots of SWELL1 with/without siRNA treatment; other antibodies have been validated previously (2). (B) Quanti-

fication of SWELL1 siRNA relative to GAPDH. (C) Representative Western blots of MCCs, GAPDH, and Cav3 in Cav3(�) and Cav3(þ) HEK293 cell lines.

(D) qPCR SWELL1 CT quantification relative to GAPDH with and without Cav3 expression. (E1–E3) Quantification of MCC protein expression with and

without Cav3 expression. (F) Co-immunoprecipitation of SWELL1 and Cav3 in Cav3(þ) HEK293 cell lines. IP-A, immunoprecipitation via 2.5% acetic

acid; IP-S, immunoprecipitation via sodium dodecyl sulfate; FT, flowthrough. N¼ 3 groups, n¼ 3–7 samples/group. Mean5 SD. p Values were determined

by unpaired Student’s t-tests. n.s., non-significant.
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intracellular Cav3/SWELL1 FRET (Fig. 10 D3). These data
suggest that SWELL1 association with Cav3 is dependent
on caveola integrity and is at a degree higher than the other
MCCs tested.
DISCUSSION

In the present study, we found that Cav3-positive HEK293
cells are significantly and highly resistant to swelling-induced
Biophysical Journal 121, 1643–1659, May 3, 2022 1651



FIGURE 6 Cav3 increases ICl,swell density in HEK293 cells. (A) Representative current traces illustrating ICl,swell currents in isotonic (Iso), hypotonic

(Hypo), and Hypo with 10 mM DCPIB (Hypo þ DCPIB) solutions in Cav3(�) (wild-type) and Cav3(þ) HEK293 cells. Whole-cell currents were recorded

using the protocol indicated in the inset. (B–D) Mean current-voltage relationships of peak ICl,swell density in Iso, Hypo, and Hypo þ DCPIB solution in

Cav3(�) HEK293 cells (B) (n ¼ 5–8 cells; ***,*p < 0.001, 0.05 between Hypo and Iso; ###,##p < 0.001, 0.01 between Hypo and Hypo þ DCPIB by

one-way ANOVA with Bonferroni correction) and Cav3(þ) HEK293 cells (C) (n ¼ 4–9 cells; ***,**p < 0.001, 0.01 between Hypo and Iso;

###,##,#p < 0.001, 0.01, 0.05 between Hypo and Hypo þ DCPIB by one-way ANOVAwith Bonferroni correction) as well as a comparison between hypo-

tonically activated ICl,swell in Cav3(�) versus Cav3(þ) HEK-293 cells (D) ($$,$p< 0.01, 0.05 between Cav3(þ) and Cav3(�) (wild-type) groups by one-way

ANOVAwith Bonferroni correction).

Turner et al.
membrane damage and that this mechanoprotection is
partially imparted via ICl,swell associated with SWELL1 acti-
vation. We observed similar effects in mouse ventricular my-
ocytes, where DCPIB and caveola depletion via MbCD
increased the percentage of cells with membrane damage. It
has been suggested by us and other groups that MCCs form
macromolecular complexes within caveolae via their interac-
tion with caveola scaffolding proteins, known as caveolins
(1,3). This topic has been explored usingCBManalysis to pre-
dict caveolin binding (17). However, as shown in the present
study,where chloride channels known to associatewith caveo-
lae (1) have a similar amount of CBMs with non-membrane
control proteins (Fig. 2 E) as well as other work questioning
the reliability of CBM analysis (59), direct experimentation
is required to confirm caveolin-interacting proteins and
whether these interactions are sensitive to changes in mem-
1652 Biophysical Journal 121, 1643–1659, May 3, 2022
branemechanical or chemical stress that affects caveola integ-
rity. In this study, we demonstrate that, of the MCCs studied,
only SWELL1 associates with the muscle-specific caveola
scaffolding protein Cav3 at a degree higher than the control
membrane protein (pCAG-GFP) andmay forma caveolarme-
chanosensitive complex. Our findings show that SWELL1 is a
crucial component of Cav3-associated ICl,swell and that its
abundance is increased via Cav3 expression.We identify a dy-
namic association between SWELL1 and Cav3 within this
mechanosensitive macromolecular complex that is sensitive
to caveola disruption via membrane swelling or cholesterol
depletion. These data suggest that the mechanoprotection
induced by Cav3 expression is partially due to its relationship
with SWELL1 within caveolar domains.

Several candidates, includingClC-2,ClC-3, andSWELL1,
have been proposed to form ICl,swell in various cell types



FIGURE 7 Representative images and FRET of

HEK293 cells transfected with the pCAG-GFP ,

Cav3-GFP , and SWELL1-mCherry plasmids. (A)

pCAG-GFP and SWELL1-mCherry transfections.

(B) Cav3-GFP and SWELL1-mCherry transfections.

Caveolin-3 regulates ICl,swell activity
(1,42,43). Studies examining the role ofMCCs and ICl,swell in
HEK293 cell lines have shown that SWELL1 is the predom-
inant contributor to ICl,swell (43). Although SWELL1 mRNA
and protein expression as well as its caveolar localization
have been detected in the heart, the contribution of these
channels to native cardiac ICl,swell still remains unknown.
Although the association between ICl,swell and caveolins is
well documented (1–3,6), our results specifically implicate
Cav3 as a major regulator of SWELL1, suggesting a more
significant role of the channel in myocytes. This finding
is supported by patch-clamp and Western blot results
demonstrating that Cav3 transfection upregulates SWELL1
protein abundance, which is translated into elevated hypoton-
ic ICl,swell activity, but no change in isotonic conditions
(Fig. 4). Given these findings and other data (42) showing
that SWELL1 knockout in HEK293 cells abolishes ICl,swell,
it is likely that SWELL1 channels are mainly responsible
for ICl,swell activity in HEK293 cells. MbCD has been found
to evoke ICl,swell activity (6), whereas MbCD and DCPIB in-
crease the rate of membrane damage in HEK293 cells and
mouse ventricularmyocytes, as observed in the present study.
This may indicate that the two drugs reduce membrane integ-
rity via separate mechanisms.

Because Cav3-negative HEK293 cells lack endogenous
Cav3 but do express Cav1 in caveolar fractions, it is plau-
sible that their ICl,swell is partly generated by SWELL1
Biophysical Journal 121, 1643–1659, May 3, 2022 1653



FIGURE 8 Representative images and FRET of HEK293 cells transfected with the pCAG-GFP , Cav3-GFP, ClC-2-mCherry, and ClC-3-mCherry plas-

mids. (A) pCAG-GFP and ClC-2-mCherry transfections. (B) pCAG-GFP and ClC-3-mCherry transfections. (C) Cav3-GFP and ClC-2-mCherry transfections.

(D) Cav3-GFP and ClC-3-mCherry transfections.
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channels localized within Cav1-generated caveolae. This is
further substantiated by Trouet et al. (3), who determined
that Cav1 knockout abolishes ICl,swell and that truncated
Cav1 impairs activation of ICl,swell in another non-muscle
cell culture type. Given that atrial tissue expresses Cav1
and Cav3 (60), these findings suggest that both caveolin
proteins may play a role in regulating ICl,swell activity;
they have been shown to be involved in various cardiac pa-
thologies, and this indicates that future studies aiming to
dissect the contribution of ICl,swell in various diseases
should consider both caveolin proteins when applicable.
1654 Biophysical Journal 121, 1643–1659, May 3, 2022
Our qPCR data showed no change in SWELL1 mRNA
expression with transgenic Cav3 expression despite a signif-
icant increase in the corresponding protein level. This
disconnect between mRNA expression and protein abun-
dance is fairly common (61) and, in this case, may be due
to lipid interactions that stabilize membrane proteins
(62,63). it has been demonstrated that Cav3 acts as a chap-
erone for angiotensin II type 1 receptors by trafficking the
receptor via the exocytic pathway for cell membrane local-
ization (64), and heart-specific conditional knockout of
Cav3 results in dramatic downregulation of angiotensin II



FIGURE 9 Membrane colocalization of Cav3-

GFP, pCAG-GFP, SWELL1-mCherry, ClC-2-

mCherry, and ClC-3 mCherry. (A) Representative im-

age of Cav3-GFP and SWELL1-mCherry membrane

colocalization. (B-D) Mander’s coefficients of Cav3-

GFP/SWELL1-mCherry and pCAG-GFP/SWELL1-

mCherry (B), Cav3-GFP/ClC-2-mCHerry and

pCAG-GFP/ClC-2-mCherry (C), and Cav3-GFP/

ClC-mCherry and pCAG-GFP/ClC-3-mCherry (D).
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type 1 receptors (65). Because Cav1 and Cav3 form hetero-
oligomeric complexes in atrial cardiac myocytes (60), we
suspect it may have a similar role with SWELL1, as indi-
cated by the presence of an intracellular SWELL1/Cav3
FRET signal (Fig. 7). This interaction may be conducted
by the caveolin scaffolding domain (which may interact
with CBMs) and may be required for membrane localiza-
tion. Given that this chaperone system may apply to
SWELL1, the effect of lipid-mediated protein stabilization,
and our qPCR findings, we speculate that caveolar lipid rafts
may play a role in decreasing associated membrane protein
turnover by increasing their stability, maintaining the
normal demand for SWELL1 mRNA availability despite
upregulated protein expression. Lowered FRET efficiency
to pCAG-GFP control levels in response to hypotonic solu-
tion between Cav3 and SWELL1 indicates that their associ-
ation is dependent on membrane mechanical tension.
Although no FRET efficiency changes are observed inside
the cell, the occurrence of intracellular FRET indicates
that MCCs and Cav3 may traffic together to caveolar lipid
rafts, which is common for other caveola-associated pro-
teins (57,58). The lack of intracellular FRET efficiency
change from isotonic to hypotonic is congruent with find-
ings by König et al. which indicated that hypotonicity
does not activate intracellular SWELL1 (58). We also found
that caveola disruption via MbCD-induced cholesterol
depletion reduced Cav3/SWELL1 interaction similar to
that induced by hypotonic solution, suggesting that their
interaction may also be dependent on caveola lipid raft
integrity. Data from Kozera et al. (6) indicates that hypoton-
ic and MbCD solutions reduce caveola density and induce
ICl,swell in rat ventricular cardiomyocytes. Lim et al. (66)
found that MbCD and hypoosmotic-induced swelling acti-
vates ICl,swell in human epithelial intestinal cells and skin fi-
broblasts but is blocked by cholesterol-loaded MbCD.
Given these findings, it is likely that the association between
Cav3 and SWELL1 is disrupted by caveola loss from
increased membrane tension or cholesterol depletion and
that loss of this interaction may be involved in activation
of ICl,swell. This inhibitory effect of caveolin interaction is
also observed with other proteins, such as nitric oxide syn-
thases, thioredoxin reductase 1, T-type calcium channels,
and potassium channels responsible for Ito (65,67–69).
Given that Cav3/ClC-2/ClC-3 FRET efficiencies are un-
changed by hypotonic stress and are less associated than
pCAG-GFP controls, Cav3 is less likely to have a regulatory
effect with these MCCs relative to SWELL1; therefore,
Cav3 may not have this inhibitory effect on ClC-2 and
ClC-3 activation in HEK293 cells and possibly myocytes.

Our cell swelling experiments recapitulate earlier findings
(1,8,14) showing that Cav3 plays an important mechanopro-
tective role in buffering mechanical forces. More impor-
tantly, this protection is abolished by the presence of
DCPIB, demonstrating that the mechanoprotective role of
Biophysical Journal 121, 1643–1659, May 3, 2022 1655



FIGURE 10 Cav3/MCC and pCAG/MCC FRET quantification under Iso (1 T), Hypo (0.7 T), and MbCD conditions. (A–C) Summarized FRET results for

the membrane Cav3/MCC FRET (A1, B1, and C1), membrane control pCAG/SWELL1 (A2, B2, and C2), and intracellular Cav3/SWELL1 FRET (A3). FRET

quantifications for baseline (Iso, 1 T) and after 1-h incubation with 10 mM MbCD Iso conditions, alone or together with 6.5 mM cholesterol for membrane

Cav3/SWELL1 FRET (D1), cholesterol control Cav3/SWELL1 FRET (D2), and intracellular Cav3/SWELL1 FRET (D3). N ¼ 9 cells/group, 10–15 FRET

signals collected/cell, N ¼ 3 transfections. Mean 5 SD. p Values determined by paired Student’s t-tests.
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Cav3 is partially imparted by the enrichment of SWELL1
channels and their activity (ICl,swell) in HEK293 cells. These
findings are also recapitulated in isolated mouse ventricular
myocytes, where the percentage of membrane-damaged my-
ocytes increases in DCPIB- and MbCD-treated cells. This is
congruent with findings from Li et al. (25), who found that
inhibition of various LRRC8 subunits (SWELL1 is also
known as LRRC8A) increased hypotonically induced cell
1656 Biophysical Journal 121, 1643–1659, May 3, 2022
death in HeLa cells. Relevant to ischemia-induced cardiac
hypoxia, Sforna et al. (24) showed that hypoxia induces
ICl,swell in glioblastoma multiforme cancer cells, in which
caveolae have been shown to play a pro-survival role
(70,71), and that application of DCPIB induced cell death.
Souktani et al. (72) found that inhibition of swelling-acti-
vated chloride channels increased apoptosis and infarct size
during ischemia-reperfusion injury in rabbit hearts. Our
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data and those of others suggest a short-term pro-survival
role of ICl,swell activation, but this is contrasted by various
studies that associate excess ICl,swell with cell death (73,74)
and indicate a still incomplete understanding of how MCCs
contribute to cell survival.

These findings are relevant to cardiac health because
constitutive ICl,swell activity, accompanied by downregula-
tion of caveolae and Cav3, has been implicated in various
cardiac pathogeneses (1,38,39). We have also demonstrated
that MCCs may contribute to stretch-induced arrhythmo-
genesis in the pulmonary veins (1), the main source of
ectopic activity responsible for triggering atrial fibrillation
in humans. This study demonstrates that Cav3 may specif-
ically have an inhibitory effect on SWELL1 activity and
that this effect may be abolished by membrane mechanical
stress and disruption of caveola structures during chronic
hypertension.
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