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Abstract: Pregnancy causes changes in the uterus, such as increased cell volume and altered water content. 
However, the mechanisms that protect the structure and maintain the function of uterine smooth muscle cells 
against these changes during pregnancy have not been clarified. This study focused on the volume-regulated anion 
channel (VRAC), which opens with cell swelling under low osmotic pressure and releases Cl– ions and various 
organic osmolytes to resist cell swelling and regulates a wide range of biological processes such as cell death. In 
this study, myometrial smooth muscle (MSM) tissues and cells (MSMCs) were collected from non-pregnant and 
pregnant mice. Using western blotting and immunocytochemistry, leucine-rich repeat containing protein 8A 
(LRRC8A), an essential membrane protein that constitutes part of the VRAC, was determined to be diffused 
throughout MSMCs including in the cell membrane. Patch-clamp experiments were performed to investigate the 
electrophysiology of swelling-induced Cl– currents (ICl, swell) mediated by the VRAC. No significant changes between 
non-pregnancy and pregnancy groups were observed in either the expression density of LRRC8A or the current 
density of ICl, swell, however the presence of LRRC8A on the cell membrane was significantly increased in the third 
trimester of pregnancy compared to the non-pregnancy. This study suggests that the VRAC may play a role, such 
as maintaining cellular homeostasis in the pregnant MSM.
Key words: leucine-rich repeat containing 8A, myometrium, pregnancy, swelling-induced Cl– current, volume-
regulated anion channel

Introduction

Pregnancy induces various changes in the uterus, in-
cluding an increase in myometrial smooth muscle cell 
(MSMC) volume and water content, alterations in the 
ion concentration and electrical activity [1, 2], and 
changes in hormone sensitivity [3–6]. With the progres-
sion of pregnancy, bioactive molecules such as interleu-
kins [7] are produced, and these changes become more 
acute. Furthermore, altered gene expression during 

pregnancy has been reported [8, 9]. Despite these chang-
es, the uterus can maintain pregnancy until delivery 
without significantly disrupting its structure or function. 
However, the mechanisms involved in protecting these 
cells and tissues remain elusive.

The volume-regulated anion channel (VRAC), also 
known as the volume-sensitive outwardly rectifying 
(VSOR) anion channel, is ubiquitously expressed in 
almost all vertebrate cells [10, 11]. It opens when cells 
swell in response to hypoosmotic pressure, releasing 
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Cl– ions and various organic osmolytes, resulting in a 
swelling-induced Cl– current (ICl, swell) and reduction in 
the volume of swollen cells [10, 11]. Leucine-rich repeat 
containing protein 8A (LRRC8A) is an essential mem-
brane protein that constitutes the VRAC and is respon-
sible for regulating cell volume [12, 13]. Most in vitro 
studies on LRRC8A-dependent VRAC activity have 
demonstrated its function in volume regulation and nu-
merous biological processes, including cell death, pro-
liferation, and migration, and insulin and glucose ho-
meostasis [14–19]. Furthermore, selective VRAC 
blockers such as glibenclamide and 4-(2-butyl-6,7-di-
chloro-2-cyclopentyl-indan-1-on-5-yl) oxobutyric acid 
(DCPIB) have been reported to potently suppress ICl, swell 
[20–23]. Though the function and structure of VRAC 
have been investigated, research on the VRAC in 
MSMCs is limited, and changes in the VRAC, espe-
cially during pregnancy, remain unknown.

The aim of this study was to examine whether VRAC 
is functionally present in mouse myometrial smooth 
muscle (MSM) and whether pregnancy alters its activ-
ity or expression. The functional maintenance of VRAC 
might be an indicator of a role of VRAC with respect to 
maintaining MSM structure and function in response to 
the considerable changes during pregnancy.

Materials and Methods

Animals
Wild-type female C57BL/6J mice (Mus musculus, 

10–16 weeks old) were purchased from CLEA Japan Inc. 
(Tokyo, Japan). Myometrial tissues were collected from 
80 non-pregnant and pregnant mice (10–22 weeks old), 
as previously reported [24, 25]. Among the 84 mice, 24 
were used for western blotting, 20 for immunocytochem-
istry, and 40 for electrophysiology experiments using 
the whole-cell patch-clamp technique. Before tissue col-
lection, 100 mg/kg pentobarbital sodium (Kyoritsu Sei-
yaku, Tokyo, Japan) was intraperitoneally administered 
to euthanize the mice. Fetuses removed from the preg-
nant mice were euthanized using the same procedure. 
Myometrial tissues were collected from non-parous mice 
in the non-pregnant group, and those from the pregnant 
group were collected on day 0 of gestation (when the 
vaginal plug was detected) as well as the first (day 7), 
second (day 13), and third trimesters (day 17 or 18). This 
study was performed in accordance with the National 
Institutes of Health Guide for the Care and Use of Lab-
oratory Animals. All experimental protocols were ap-
proved by the institutional animal care and use commit-
tee of the Shiga University of Medical Science 
(2017-12-6, 2017-12-6 (H1)).

Cell isolation
Single MSMCs were enzymatically isolated from non-

pregnant (nP) and pregnant mice as previously reported 
[24, 25]. Briefly, the myometrium was dissected and 
freed from other tissues in Ca2+-free physiological salt 
solution for dissociation (dPSS). This solution was then 
replaced with Ca2+-free dPSS solution containing 0.1% 
papain (Sigma-Aldrich, St. Louis, MO, USA) and 0.1% 
dithiothreitol (Sigma-Aldrich) at 4°C. After 30 min of 
treatment, the solution was replaced with 100 µM Ca2+ 
dPSS solution containing 0.1% collagenase (Wako Pure 
Chemical Industries, Osaka, Japan) and incubated at 
37°C for 25 min. The solution was then replaced with 
enzyme- and Ca2+-free dPSS solution. Subsequently, the 
tissue was gently triturated using a glass pipette to isolate 
cells. At the beginning of each experiment, a few drops 
of the cell suspension were placed in the recording cham-
ber.

Reagents and chemicals
As previously reported [23], for the patch-clamp ex-

periment, we employed an isosmotic solution containing 
100 mM NaCl, 40 mM sodium aspartate, 2.0 mM 
MgCl2∙6H2O, 2.0 mM BaCl2∙2H2O, 5.5 mM glucose, 10 
mM HEPES, and 0.001 mM nicardipine (pH adjusted to 
7.4 with 1 N NaOH, osmolality ~315 mosmol/kg H2O). 
Cell swelling was induced using an hypoosmotic solution 
containing 100 mM NaCl, 2.0 mM MgCl2∙6H2O, 2.0 mM 
BaCl2∙2H2O, 5.5 mM glucose, 10 mM HEPES, and 0.001 
mM nicardipine (pH adjusted to 7.4 with 1 N NaOH, 
osmolality ~230 mosmol/kg H2O). Stock solutions of 
DCPIB (20 µM; Funakoshi, Tokyo, Japan)—prepared in 
ethanol—and glibenclamide (200 µM; Sigma-Aldrich)—
prepared in DMSO—were diluted to the desired final 
concentrations just before use [20–23].

Western blotting
Western blotting was performed as described previ-

ously [26]. Proteins were quantified using the Bio-Rad 
protein dye assay reagent (500-0113; Bio-Rad Labora-
tories Inc., Hercules, CA, USA), per the manufacturer’s 
instructions. Equal amounts of proteins (20 µg/lane) 
were denatured for 60 min at 37°C in Laemmli buffer 
and resolved on 5–20% SDS-polyacrylamide gels (FU-
JIFILM, Tokyo, Japan) and transferred onto polyvinyli-
dene difluoride membranes (Immobilon-P, IPVH00010). 
After blocking with 5% nonfat milk prepared in Tris-
buffered saline (TBS) containing 0.1% Tween 20 (TBST; 
Takara Bio Inc., Shiga, Japan) for 60 min, the blots were 
probed overnight with rabbit polyclonal antibodies 
against LRRC8A (1:5,000, 56262; Abgent, San Diego, 
CA, USA) or glyceraldehyde 3-phosphate dehydroge-
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nase (GAPDH, 1:10,000; 0312010; Cell Signaling Tech-
nology, Danvers, MA, USA) at 4°C. After washing with 
TBST, the blots were incubated for 2 h with horseradish 
peroxidase-conjugated anti-rabbit IgG (1:10,000, 
NA934VS; Amersham, Buckinghamshire, UK). The 
intensity of the protein bands was quantified using Fuji 
software (Fuji, Japan) and normalized to the GADPH 
band.

Immunocytochemistry
Immunocytochemistry was performed as previously 

reported [26]. After fixing, MSMCs were permeabilized 
as previously reported [27] and blocked with 10% fetal 
bovine serum (FBS). The permeabilized cells were first 
probed with rabbit LRRC8A (1:1,000, 56262; Abgent) 
and mouse smooth muscle actin (SMA, 1:200 or 1,000, 
20035047, Dako owned by Agilent Technologies, Santa 
Clara, CA, USA) antibodies, and then incubated with 
Alexa Fluor 488- or 568-conjugated secondary antibod-
ies (1:400; Molecular Probes, Eugene, OR, USA). The 
nuclei were stained with 2 µg/ml 4’,6’-diamino-2-phe-
nylindole. Fluorescent images were obtained on a TSC 
SP8 confocal laser scanning system (Leica Microsys-
tems, Tokyo, Japan).

Electrophysiology and data analysis
The whole-cell patch-clamp technique [22, 23, 26] 

was employed to isolate MSMCs, and an EPC-8 patch-
clamp amplifier (HEKA Elektronik, Lambrecht, Ger-
many) and microscope (ECLIPSE TE-2000U; Nikon, 
Tokyo, Japan) were used. The isolated cells were trans-
ferred to a recording chamber and superfused continu-
ously at 37°C with normal Tyrode solution [23]. The 
resistance of the patch electrode was 2.5–4.5 MΩ when 
filled with pipette solution [23], containing 90 mM as-
partate (Sigma-Aldrich), 90 mM CsOH, 30 mM CsCl, 2 
mM MgCl2, 20 mM tetraethylammonium chloride 
(Sigma-Aldrich), 5 mM adenosine 5’-triphosphate (di-
sodium salt; Sigma-Aldrich), 0.1 mM guanosine 5’-tri-
phosphate (lithium salt; Sigma-Aldrich), 5 mM EGTA, 
and 5 mM HEPES (pH adjusted to 7.2 with 1 N CsOH, 
osmolality ~320 mosmol/kg H2O). Using Patchmaster 
software (HEKA Elektronik), membrane currents were 
appropriately filtered and sampled at 5 kHz through an 
LIH-1600 analog-to-digital converter. Whole-cell mem-
brane currents were measured using the voltage ramp 
protocol consisting of the following three phases: depo-
larization from a holding potential of –40 mV to +40 mV 
lasting 400 ms, hyperpolarization from +40 mV to –120 
mV lasting 800 ms, and repolarization returning to –40 
mV from –120 mV and lasting 400 ms (6 s interval at 2 
kHz; digitized at 5 kHz). During the hyperpolarizing 

phase, the current-voltage (I-V) relationship was mea-
sured. Cell membrane capacitance (Cm) was calculated 
from the capacitive transients elicited by voltage-clamp 
steps (±5 mV) from a resting potential of –80 mV in 20 
ms according to the following equation:

Cm = τC I0 / ΔVm (1 – I∞ / I0)	 (1)

where, τC is the time constant for the decay of the ca-
pacitive current, I0 is the initial peak amplitude of the 
current, ΔVm is applied voltage step (5 mV), and I∞ is 
the steady-state current value.

Statistical analysis
Data are presented as mean ± SEM. The number of 

isolated myometrial cells is expressed as “n,” and the 
number of animals is expressed as “N.” GraphPad Prism 
8 (GraphPad Software Inc., San Diego, CA, USA) was 
used for statistical analyses. Kolmogorov-Smirnov and 
Shapiro-Wilk tests were used to determine whether the 
data were normally distributed. Significant differences 
in the current density between groups were examined 
using the one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s multiple comparisons test. Significant 
differences in protein content were examined using the 
Kruskal-Wallis test followed by Dunn’s multiple com-
parisons test. Significant differences in the immunocy-
tochemical signal intensity were examined using the F 
test followed by the Student’s t test. Results with P<0.05 
were considered significant.

Results

ICl, swell during pregnancy
The whole-cell patch-clamp technique was used to 

measure the changes in cell membrane capacitance (Cm), 
which were used to determine changes in MSMC vol-
ume. The mean Cm was 6.313 ± 0.5531 pF (n=30, N=15) 
in non-pregnant mice, 10.10 ± 0.9746 pF (n=17, N=4, 
P=0.4956 vs. nP) on gestation day 7, 25.84 ± 2.669 pF 
(n=20, N=5, P<0.0001 vs. nP, P<0.0001 vs. day 7) on 
gestation day 13, and 34.90 ± 1.930 pF (n=35, N=12, 
P<0.0001 vs. nP, P<0.0001 vs. day 7, P=0.0023 vs. day 
13) on gestation day 18. The cell membrane volume 
significantly increased with pregnancy progression, es-
pecially on gestation day 18; the mean Cm increased 
approximately 5.5-fold compared to non-pregnancy. This 
electrophysiologically confirmed that MSMC volume 
increased during pregnancy.

To confirm the presence of VRAC in MSMCs, the 
electrophysiological properties of ICl, swell during preg-
nancy were examined using whole-cell patch-clamp. 
Figure 1 shows a typical patch-clamp sample obtained 
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from MSMCs of non-pregnant and third trimester mice. 
The Cl– concentration in the hypoosmotic external solu-
tion was adjusted to 108 mM. Whole-cell current was 
monitored by applying voltage ramp testing pulse (dV/
dt = +0.9 V/s) between +40 and –120 mV from a holding 
potential (–40 mV). When the extracellular solution was 
changed to a hypoosmotic solution, an increase in mem-
brane current associated with cell expansion was ob-
served. When the increased membrane current became 
steady, replacement with a hypoosmotic solution includ-
ing 200 µM glibenclamide or 20 µM DCPIB did not 
significantly alter cell swelling, but almost completely 
suppressed the increase in membrane current (Figs. 
1a–c). These changes were similar in first and second 
trimester mice (not shown).

Figure 1c illustrates the I-V relationships of the mem-
brane currents recorded upon the exposure of cells to 
isosmotic, hypoosmotic, and hypoosmotic solutions with 
the VRAC blocker. The increased current in the hypoos-
motic solution was reversed close to the equilibrium 
potential of Cl– (ECl,) under the experimental conditions 
(intraelectrode fluid and cell perfusate), as calculated 
using the Nernst equation:

ECl = 61 × log (54 / 108) = −18.4 mV	 (2)

The difference current was designated as ICl, swell; it 
was calculated by digitally subtracting the current trace 
under isosmotic conditions, or under hypoosmotic con-

ditions in which the VRAC blocker was administered, 
from the trace under hypoosmotic conditions. These 
results confirm that the VRAC is expressed in mouse 
MSMCs, and that the VRAC blockers, glibenclamide 
and DCPIB, inhibit VRAC function during non-preg-
nancy and pregnancy.

Figure 2a shows the typical current densities of ICl, swell 
recorded in non-pregnant and the first to third trimester 
mouse MSMCs. No significant changes were observed 
in current density of ICl, swell at +40 mV and –100 mV 
between the non-pregnancy and pregnancy groups (Fig. 
2b). The current density of ICl, swell at +40 mV was 68.15 
± 14.74 pA/pF (n=12, N=9) during non-pregnancy, 44.90 
± 12.18 pA/pF during the first trimester (n=6, N=3, 
P=0.6278 vs. nP), 44.00 ± 11.60 pA/pF during the second 
trimester (n=8, N=4, P=0.5261 vs. nP, P>0.9999 vs. the 
first trimester), and 32.74 ± 7.613 pA/pF during the third 
trimester (n=7, N=6, P=0.2373 vs. nP, P=0.9410 vs. the 
first trimester, P=0.9417 vs. the second trimester). The 
current density of ICl, swell at –100 mV was –50.12 ± 11.07 
pA/pF during non-pregnancy (n=12, N=9), –34.49 ± 
8.981 pA/pF during the first trimester (n=6, N=3, 
P>0.9999 vs. nP), –30.71 ± 7.779 pA/pF during the sec-
ond trimester (n=8, N=4, P>0.9999 vs. nP, P>0.9999 vs. 
the first trimester), and –27.48 ± 6.182 pA/pF during the 
third trimester (n=7, N=6, P>0.9999 vs. nP, P>0.9999 
vs. the first trimester, P>0.9999 vs. the second trimester). 
These data suggest that the current density of ICl, swell 

Fig. 1.	 Effects of hypoosmotic external solution and subsequent addition of volume-regulated anion channel (VRAC) blockers 
(glibenclamide and DCPIB) in myometrial smooth muscle cells isolated from non-pregnant and third trimester mice. a: Chart 
records of whole-cell current responses to voltage ramps. b: Whole-cell clamp photographs. c: Current-voltage relationships.
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does not change significantly during pregnancy com-
pared to non-pregnancy.

Intracellular localization of LRRC8A and VRAC 
expression during pregnancy

To histologically evaluate the pregnancy-related 
changes in the VRAC, the expression and intracellular 
localization of LRRC8A were investigated. A band was 
observed at approximately 100 kDa from both non-
pregnant and pregnant samples, confirming the func-
tional expression of LRRC8A (Fig. 3a). Subsequently, 

the ratio of LRRC8A to GAPDH was compared between 
non-pregnancy and each trimester of pregnancy, but no 
significant change was observed. The LRRC8A/GAPDH 
ratio was 0.6135 ± 0.02517 during non-pregnancy (N=7), 
0.6588 ± 0.05019 during the first trimester (N=5, 
P>0.9999 vs. nP), 0.7257 ± 0.1489 during the second 
trimester (N=5, P>0.9999 vs. nP, P>0.9999 vs. the first 
trimester), and 0.7131 ± 0.09662 during the third trimes-
ter (N=4, P>0.9999 vs. nP, P>0.9999 vs. the first trimes-
ter, P>0.9999 vs. the second trimester) (Fig. 3b). This 
suggested that the proportion of LRRC8A to GAPDH in 

Fig. 2.	 Current density of ICl, swell recorded in myometrial smooth muscle cells isolated from non-pregnant and first to third trimester mice. 
a: Current-voltage relationships. b: Summarized data of current density of ICl, swell at test potentials of +40 mV and –100 mV.

Fig. 3.	E xpression of leucine-rich repeat containing 8A (LRRC8A), a component of volume-reg-
ulated anion channel (VRAC), in the myometrium of non-pregnant and first to third trimes-
ter mice. a: Western blot analyses of LRRC8A and GAPDH in the myometrium of non-
pregnant and first to third trimester mice. b: LRRC8A protein levels normalized to GAPDH.



K. YAMADA, ET AL.

128 | doi: 10.1538/expanim.21-0111

mouse MSMCs does not significantly change regardless 
of pregnancy status.

Immunocytochemistry was used to investigate the 
intracellular localization of the VRAC in combination 
with SMA, a specific smooth muscle cell marker (Fig. 
4). These results confirmed that the isolated cells were 
MSMCs. The fluorescent intensity of LRRC8A immu-
nocytochemical signals was measured by the line profiles 
across each MSMCs in non-pregnant and third trimester 
mice (Figs. 4c–e). The ratio of fluorescent intensity for 
LRRC8A on the membrane to the whole cell area was 
0.8201 ± 0.04896 during non-pregnancy (n=12, N=4) 
and 1.008 ± 0.02742 during third trimester (n=25, N=5, 
P<0.001 vs. nP) (Fig. 4f). This result suggests that LR-
RC8A was diffusely expressed in the entire cell area 
including the cell membrane, with increased expression 
on the cell membrane in third trimester compared to the 
non-pregnancy.

In this study, the expression of VRAC in mouse 
MSMCs was confirmed. Although there were no sig-
nificant changes in ICl, swell via VRAC, regardless of 
non-pregnancy or pregnancy and its duration, the LR-
RC8A expression especially on the cell membrane was 
significantly enhanced in third trimester compared to the 
non-pregnancy.

Discussion

The VRAC is ubiquitously expressed in almost all 
vertebrate cells [16, 17], and LRRC8A has been identi-

fied as an essential membrane protein constituting the 
VRAC [18, 19]. Despite information regarding its ex-
pression in MSMCs, the function of VRAC and the lo-
calization of LRRC8A in these cells have not been elu-
cidated, especially in the uterus during pregnancy. To 
the best of our knowledge, this is the first study to in-
vestigate these functions. The results revealed that LR-
RC8A is also expressed in MSMCs of non-pregnant mice 
and is expressed in the cells in a diffused manner, main-
ly on the membrane. VRAC-mediated ICl, swell was also 
recorded in MSMCs of non-pregnant mice under low 
osmotic conditions. Furthermore, in MSMCs, the LR-
RC8A to GAPDH ratio and ICl, swell did not significantly 
change regardless of pregnancy status, but the presence 
of LRRC8A increased on the membrane in third trimes-
ter. These results suggest that the VRAC may play a role, 
such as maintaining cellular homeostasis in MSM during 
pregnancy.

The finding that the ratio of LRRC8A to GAPDH in 
the whole cell, including the cell membrane, did not sig-
nificantly change during pregnancy suggests that total 
LRRC8A expression increases with an increase in cell 
volume during pregnancy. Additionally, the fact that no 
significant change was observed in the current density of 
ICl, swell during pregnancy, despite the increase in cell 
volume, suggests that LRRC8A expression increased on 
the cell membrane for maintaining the level of VRAC 
function per unit surface area in the membrane. This is 
in line with the premise that the localization of the VRAC 
on the membrane is a prerequisite for its function and 

Fig. 4.	I ntracellular localization of leucine-rich repeat containing 8A (LRRC8A) in myometrial smooth muscle cells isolated from non-
pregnant and pregnant mice. Immunocytochemistry revealed diffuse expression of LRRC8A in the whole cell, including the cell 
membrane. a: Differential interference contrast microscope images of cells during non-pregnancy. b: SMA expression (red) in 
cells during non-pregnancy. c, d: LRRC8A (green) and nuclei (blue) in cells during non-pregnancy and third trimester, respec-
tively (White lines: the line profile across each cell). e: Fluorescent intensity for LRRC8A during non-pregnancy and third tri-
mester. f: The ratio of fluorescent intensity for LRRC8A on the cell membrane to the whole cell area. ***P<0.001.
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that the current density is the amplitude of current per 
capacitance (Cm). These results, including the intracel-
lular localization of LRRC8A in MSMCs during preg-
nancy, reveal that the level of LRRC8A expressed in the 
cytoplasm and that transferred to the membrane increas-
es with pregnancy. We consider that the increased expres-
sion of LRRC8A on the cell membrane might be associ-
ated to the enhanced trafficking process of LRRC8A due 
to various changes around MSMCs during pregnancy. 
This maintenance of VRAC expression on the cell mem-
brane further supports its potential role during pregnancy.

It is known that pregnancy is accompanied by an in-
crease in MSMC volume and uterine water content, al-
terations in ion concentration and electrical activity [1, 
2], and changes in hormone sensitivity, which become 
more acute towards the end of the gestation period [3–7]. 
Pregnancy can be maintained until delivery without these 
changes significantly disrupting MSM structure or func-
tion. The mechanism protecting cells and tissues during 
this process has not been studied in detail. The VRAC 
has been reported to mediate apoptosis in cardiomyo-
cytes and neurons exposed to ischemia-reperfusion, and 
the dysfunction of the mechanism of action of VRAC 
leads to cell death [14–16].

Based on previous reports [14–16, 28], it can be as-
sumed that MSM is protected from pregnancy-related 
changes via maintenance of VRAC function in MSMCs 
and VRAC expression on the surface of the MSMCs. To 
the best of our knowledge, this is the first study concern-
ing the maintenance of distribution, density, and function 
of VRAC, related to the mechanism of cell protection, 
in the enlarging MSMCs and MSM tissues during preg-
nancy. However, more detailed researches are needed to 
prove the association between VRAC and cell protection 
during pregnancy.

The VRAC opens with cell expansion under low os-
motic pressure, releasing Cl– ions and various organic 
osmolytes, reducing the volume of expanded cells, and 
counteracting the increase in cell volume [16, 17]. Most 
previous studies have investigated the activity of VRAC 
in cultured cell lines [14–19]. However, in this study, 
the VRAC activity was examined in primary cells iso-
lated from the mouse uterus. The VRAC activity in these 
cells was examined electrophysiologically by investigat-
ing changes in ICl, swell in response to changes in os-
motic pressure around the isolated MSMCs. We demon-
strated that the VRAC activity did not significantly 
change during pregnancy, as there were no significant 
changes in ICl, swell, although the MSMC volume in-
creased with the progression of pregnancy. However, 
experimental conditions, such as osmotic pressure and 
intracellular ion concentration, differed from in vivo 

conditions. The sensitivity of VRAC is reportedly not 
only dependent on the osmotic pressure around cells, but 
also on the extent of cell membrane tension, intracel-
lular ionic strength, osmolyte concentration, and ATP 
concentration [27, 29–31]. For example, as MSMC vol-
ume increases during pregnancy, the degree of cell mem-
brane tension may also change. This is a limitation of 
the current study as factors other than changes in pericel-
lular osmolarity were not taken into consideration. It has 
been demonstrated that VRAC is formed by LRRC8 
heteromers and that LRRC8A is the only essential sub-
unit (along with at least one other LRRC8 member, 
LRRC8B-E) [18, 19, 32, 33]. The function and sensitiv-
ity of the VRAC changes depending on its subunit con-
figuration [32, 33]. This study showed that LRRC8A is 
expressed in MSMCs and its expression on the cell 
membrane significantly increases during pregnancy. The 
composition of the VRAC subunits in MSMCs is un-
known, and structural changes associated with preg-
nancy may alter VRAC sensitivity and function. The 
above descriptions might reveal that the membrane cur-
rent density of VRAC does not significantly change 
despite the increase of LRRC8A on the cell membrane 
during third trimester. Another limitation of this study 
is its basis on a rodent model. Further studies are need-
ed to elucidate the function of VRAC in MSMCs during 
pregnancy.

This study revealed that the VRAC is expressed in 
MSMCs and that LRRC8A, constituting the VRAC, is 
localized in the entire MSMC, including the cell mem-
brane. Furthermore, the electrophysiological sensitivity 
of VRAC is maintained with the increasing LRRC8A 
expression on the membrane in third trimester. These 
results suggest that the VRAC in MSMCs may play a 
role, such as a protection for MSMCs and MSM tissues 
against pregnancy-related changes. Additionally, the 
dysfunction of VRAC in female mice is known to cause 
infertility and to decrease the production rate [34, 35]. 
By elucidating the function of VRAC in the uterus dur-
ing pregnancy, this study and future studies may sig-
nificantly contribute to the development of perinatal care 
strategies, as well as clarify the causes of mortal in 
uterus and of preterm birth.

Conflict of Interest

The authors report no potential conflict of interest.

Acknowledgments

This work was supported by The Japan Society for the 
Promotion of Science (Japan) KAKENHI (grant no. 



K. YAMADA, ET AL.

130 | doi: 10.1538/expanim.21-0111

19K18669 to K. Yamada). We would like to thank Ed-
itage (www.editage.com) for English language editing.

References

	 1.	 Casteels R, Kuriyama H. Membrane potential and ionic con-
tent in pregnant and non-pregnant rat myometrium. J Physiol. 
1965; 177: 263–287. [Medline]  [CrossRef]

	 2.	 Osa T, Fujino T. Electrophysiological comparison between the 
longitudinal and circular muscles of the rat uterus during the 
estrous cycle and pregnancy. Jpn J Physiol. 1978; 28: 197–
209. [Medline]  [CrossRef]

	 3.	 Christiaens I, Zaragoza DB, Guilbert L, Robertson SA, Mitch-
ell BF, Olson DM. Inflammatory processes in preterm and 
term parturition. J Reprod Immunol. 2008; 79: 50–57. [Med-
line]  [CrossRef]

	 4.	 Leonhardt A, Glaser A, Wegmann M, Hackenberg R, Nüsing 
RM. Expression of prostanoid receptors in human lower seg-
ment pregnant myometrium. Prostaglandins Leukot Essent 
Fatty Acids. 2003; 69: 307–313. [Medline]  [CrossRef]

	 5.	 Chien EK, Macgregor C. Expression and regulation of the rat 
prostaglandin E2 receptor type 4 (EP4) in pregnant cervical 
tissue. Am J Obstet Gynecol. 2003; 189: 1501–1510. [Med-
line]  [CrossRef]

	 6.	 Fukuda Y, Sugimura M, Suzuki K, Kanayama N. Prostaglan-
din E2 receptor EP4-selective antagonist inhibits lipopoly-
saccharide-induced cervical ripening in rabbits. Acta Obstet 
Gynecol Scand. 2007; 86: 1297–1302. [Medline]  [CrossRef]

	 7.	I chikawa A, Sugimoto Y, Negishi M. Molecular aspects of the 
structures and functions of the prostaglandin E receptors. J 
Lipid Mediat Cell Signal. 1996; 14: 83–87. [Medline]  [Cross-
Ref]

	 8.	B reuiller-Fouche M, Germain G. Gene and protein expression 
in the myometrium in pregnancy and labor. Reproduction. 
2006; 131: 837–850. [Medline]  [CrossRef]

	 9.	 Chan EC, Fraser S, Yin S, Yeo G, Kwek K, Fairclough RJ, et 
al. Human myometrial genes are differentially expressed in la-
bor: a suppression subtractive hybridization study. J Clin En-
docrinol Metab. 2002; 87: 2435–2441. [Medline]  [CrossRef]

	10.	J entsch TJ. VRACs and other ion channels and transporters in 
the regulation of cell volume and beyond. Nat Rev Mol Cell 
Biol. 2016; 17: 293–307. [Medline]  [CrossRef]

	11.	 Hoffmann EK, Lambert IH, Pedersen SF. Physiology of cell 
volume regulation in vertebrates. Physiol Rev. 2009; 89: 193–
277. [Medline]  [CrossRef]

	12.	 Voss FK, Ullrich F, Münch J, Lazarow K, Lutter D, Mah N, et 
al. Identification of LRRC8 heteromers as an essential compo-
nent of the volume-regulated anion channel VRAC. Science. 
2014; 344: 634–638. [Medline]  [CrossRef]

	13.	 Qiu Z, Dubin AE, Mathur J, Tu B, Reddy K, Miraglia LJ, et 
al. SWELL1, a plasma membrane protein, is an essential com-
ponent of volume-regulated anion channel. Cell. 2014; 157: 
447–458. [Medline]  [CrossRef]

	14.	 Okada Y, Sato K, Numata T. Pathophysiology and puzzles of 
the volume-sensitive outwardly rectifying anion channel. J 
Physiol. 2009; 587: 2141–2149. [Medline]

	15.	 Lang F, Hoffmann EK. Role of ion transport in control of 
apoptotic cell death. Compr Physiol. 2012; 2: 2037–2061. 
[Medline]  [CrossRef]

	16.	 Okada Y, Shimizu T, Maeno E, Tanabe S, Wang X, Takahashi 
N. Volume-sensitive chloride channels involved in apoptotic 
volume decrease and cell death. J Membr Biol. 2006; 209: 
21–29. [Medline]  [CrossRef]

	17.	J aeger M, Carin M, Medale M, Tryggvason G. The osmotic 
migration of cells in a solute gradient. Biophys J. 1999; 77: 
1257–1267. [Medline]  [CrossRef]

	18.	S tuhlmann T, Planells-Cases R, Jentsch TJ. LRRC8/VRAC 

anion channels enhance β-cell glucose sensing and insulin se-
cretion. Nat Commun. 2018; 9: 1974. [Medline]  [CrossRef]

	19.	 Pedersen SF, Hoffmann EK, Novak I. Cell volume regulation 
in epithelial physiology and cancer. Front Physiol. 2013; 4: 
233. [Medline]  [CrossRef]

	20.	D echer N, Lang HJ, Nilius B, Brüggemann A, Busch AE, 
Steinmeyer K. DCPIB is a novel selective blocker of I(Cl,swell) 
and prevents swelling-induced shortening of guinea-pig atrial 
action potential duration. Br J Pharmacol. 2001; 134: 1467–
1479. [Medline]  [CrossRef]

	21.	 Friard J, Tauc M, Cougnon M, Compan V, Duranton C, Ru-
bera I. Comparative effects of chloride channel inhibitors on 
LRRC8/VRAC-mediated chloride conductance. Front Phar-
macol. 2017; 8: 328. [Medline]  [CrossRef]

	22.	 Liu Y, Oiki S, Tsumura T, Shimizu T, Okada Y. Glibenclamide 
blocks volume-sensitive Cl- channels by dual mechanisms. 
Am J Physiol. 1998; 275: C343–C351. [Medline]  [CrossRef]

	23.	S akaguchi M, Matsuura H, Ehara T. Swelling-induced Cl- 
current in guinea-pig atrial myocytes: inhibition by gliben-
clamide. J Physiol. 1997; 505: 41–52. [Medline]  [CrossRef]

	24.	 Greenwood IA, Yeung SY, Tribe RM, Ohya S. Loss of func-
tional K+ channels encoded by ether-à-go-go-related genes 
in mouse myometrium prior to labour onset. J Physiol. 2009; 
587: 2313–2326. [Medline]  [CrossRef]

	25.	M atsuki K, Takemoto M, Suzuki Y, Yamamura H, Ohya S, 
Takeshima H, et al. Ryanodine receptor type 3 does not con-
tribute to contractions in the mouse myometrium regardless 
of pregnancy. Pflugers Arch. 2017; 469: 313–326. [Medline]  
[CrossRef]

	26.	D ing WG, Xie Y, Toyoda F, Matsuura H. Improved functional 
expression of human cardiac kv1.5 channels and trafficking-
defective mutants by low temperature treatment. PLoS One. 
2014; 9: e92923. [Medline]  [CrossRef]

	27.	 Zhang J, Lieberman M. Chloride conductance is activated by 
membrane distention of cultured chick heart cells. Cardiovasc 
Res. 1996; 32: 168–179. [Medline]  [CrossRef]

	28.	S erra SA, Stojakovic P, Amat R, Rubio-Moscardo F, Latorre 
P, Seisenbacher G, et al. LRRC8A-containing chloride chan-
nel is crucial for cell volume recovery and survival under 
hypertonic conditions. Proc Natl Acad Sci USA. 2021; 118: 
e2025013118. [Medline]  [CrossRef]

	29.	S yeda R, Qiu Z, Dubin AE, Murthy SE, Florendo MN, Ma-
son DE, et al. LRRC8 proteins form volume-regulated anion 
channels that sense ionic strength. Cell. 2016; 164: 499–511. 
[Medline]  [CrossRef]

	30.	E mma F, McManus M, Strange K. Intracellular electrolytes 
regulate the volume set point of the organic osmolyte/anion 
channel VSOAC. Am J Physiol. 1997; 272: C1766–C1775. 
[Medline]  [CrossRef]

	31.	J ackson PS, Churchwell K, Ballatori N, Boyer JL, Strange K. 
Swelling-activated anion conductance in skate hepatocytes: 
regulation by cell Cl- and ATP. Am J Physiol. 1996; 270: C57–
C66. [Medline]  [CrossRef]

	32.	 König B, Stauber T. Biophysics and structure-function rela-
tionships of LRRC8-formed volume-regulated anion chan-
nels. Biophys J. 2019; 116: 1185–1193. [Medline]  [CrossRef]

	33.	J entsch TJ, Lutter D, Planells-Cases R, Ullrich F, Voss FK. 
VRAC: molecular identification as LRRC8 heteromers with 
differential functions. Pflugers Arch. 2016; 468: 385–393. 
[Medline]  [CrossRef]

	34.	B ao J, Perez CJ, Kim J, Zhang H, Murphy CJ, Hamidi T, et al. 
Deficient LRRC8A-dependent volume-regulated anion chan-
nel activity is associated with male infertility in mice. JCI In-
sight. 2018; 3: e99767385–e99767393. [Medline]  [CrossRef]

	35.	 Kumar L, Chou J, Yee CS, Borzutzky A, Vollmann EH, von 
Andrian UH, et al. Leucine-rich repeat containing 8A (LR-
RC8A) is essential for T lymphocyte development and func-
tion. J Exp Med. 2014; 211: 929–942. [Medline]  [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/14302154?dopt=Abstract
http://dx.doi.org/10.1113/jphysiol.1965.sp007591
http://www.ncbi.nlm.nih.gov/pubmed/691864?dopt=Abstract
http://dx.doi.org/10.2170/jjphysiol.28.197
http://www.ncbi.nlm.nih.gov/pubmed/18550178?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18550178?dopt=Abstract
http://dx.doi.org/10.1016/j.jri.2008.04.002
http://www.ncbi.nlm.nih.gov/pubmed/14580364?dopt=Abstract
http://dx.doi.org/10.1016/S0952-3278(03)00113-3
http://www.ncbi.nlm.nih.gov/pubmed/14634592?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14634592?dopt=Abstract
http://dx.doi.org/10.1067/S0002-9378(03)00764-6
http://www.ncbi.nlm.nih.gov/pubmed/17963056?dopt=Abstract
http://dx.doi.org/10.1080/00016340701671788
http://www.ncbi.nlm.nih.gov/pubmed/8906549?dopt=Abstract
http://dx.doi.org/10.1016/0929-7855(96)00512-3
http://dx.doi.org/10.1016/0929-7855(96)00512-3
http://www.ncbi.nlm.nih.gov/pubmed/16672349?dopt=Abstract
http://dx.doi.org/10.1530/rep.1.00725
http://www.ncbi.nlm.nih.gov/pubmed/12050195?dopt=Abstract
http://dx.doi.org/10.1210/jcem.87.6.8439
http://www.ncbi.nlm.nih.gov/pubmed/27033257?dopt=Abstract
http://dx.doi.org/10.1038/nrm.2016.29
http://www.ncbi.nlm.nih.gov/pubmed/19126758?dopt=Abstract
http://dx.doi.org/10.1152/physrev.00037.2007
http://www.ncbi.nlm.nih.gov/pubmed/24790029?dopt=Abstract
http://dx.doi.org/10.1126/science.1252826
http://www.ncbi.nlm.nih.gov/pubmed/24725410?dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2014.03.024
http://www.ncbi.nlm.nih.gov/pubmed/19171657?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23723032?dopt=Abstract
http://dx.doi.org/10.1002/cphy.c110046
http://www.ncbi.nlm.nih.gov/pubmed/16685598?dopt=Abstract
http://dx.doi.org/10.1007/s00232-005-0836-6
http://www.ncbi.nlm.nih.gov/pubmed/10465740?dopt=Abstract
http://dx.doi.org/10.1016/S0006-3495(99)76977-8
http://www.ncbi.nlm.nih.gov/pubmed/29773801?dopt=Abstract
http://dx.doi.org/10.1038/s41467-018-04353-y
http://www.ncbi.nlm.nih.gov/pubmed/24009588?dopt=Abstract
http://dx.doi.org/10.3389/fphys.2013.00233
http://www.ncbi.nlm.nih.gov/pubmed/11724753?dopt=Abstract
http://dx.doi.org/10.1038/sj.bjp.0704413
http://www.ncbi.nlm.nih.gov/pubmed/28620305?dopt=Abstract
http://dx.doi.org/10.3389/fphar.2017.00328
http://www.ncbi.nlm.nih.gov/pubmed/9688587?dopt=Abstract
http://dx.doi.org/10.1152/ajpcell.1998.275.2.C343
http://www.ncbi.nlm.nih.gov/pubmed/9409470?dopt=Abstract
http://dx.doi.org/10.1111/j.1469-7793.1997.041bc.x
http://www.ncbi.nlm.nih.gov/pubmed/19332483?dopt=Abstract
http://dx.doi.org/10.1113/jphysiol.2009.171272
http://www.ncbi.nlm.nih.gov/pubmed/27866274?dopt=Abstract
http://dx.doi.org/10.1007/s00424-016-1900-z
http://www.ncbi.nlm.nih.gov/pubmed/24663680?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0092923
http://www.ncbi.nlm.nih.gov/pubmed/8776414?dopt=Abstract
http://dx.doi.org/10.1016/S0008-6363(95)00132-8
http://www.ncbi.nlm.nih.gov/pubmed/34083438?dopt=Abstract
http://dx.doi.org/10.1073/pnas.2025013118
http://www.ncbi.nlm.nih.gov/pubmed/26824658?dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2015.12.031
http://www.ncbi.nlm.nih.gov/pubmed/9227403?dopt=Abstract
http://dx.doi.org/10.1152/ajpcell.1997.272.6.C1766
http://www.ncbi.nlm.nih.gov/pubmed/8772430?dopt=Abstract
http://dx.doi.org/10.1152/ajpcell.1996.270.1.C57
http://www.ncbi.nlm.nih.gov/pubmed/30871717?dopt=Abstract
http://dx.doi.org/10.1016/j.bpj.2019.02.014
http://www.ncbi.nlm.nih.gov/pubmed/26635246?dopt=Abstract
http://dx.doi.org/10.1007/s00424-015-1766-5
http://www.ncbi.nlm.nih.gov/pubmed/30135305?dopt=Abstract
http://dx.doi.org/10.1172/jci.insight.99767
http://www.ncbi.nlm.nih.gov/pubmed/24752297?dopt=Abstract
http://dx.doi.org/10.1084/jem.20131379

