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ABSTRACT
At the end of pregnancy, the uterus transitions from a quiescent to a highly contractile state. This is partly due to the depolarization of

the resting membrane potential in uterine (myometrial) smooth muscle cells (MSMCs). In human MSMCs, the membrane potential is

regulated by a functional complex between the sodium (Na+)‐activated potassium (K+) channel SLO2.1 and the Na+ leak channel

nonselective (NALCN). Na+ entering through NALCN activates SLO2.1, leading to K+ efflux, membrane hyperpolarization (cells

become more negative inside), and reduced contractility. Decreased SLO2.1/NALCN activity results in reduced K+ efflux, leading to

membrane depolarization, Ca2+ influx via voltage‐dependent calcium channels, and increased MSMC contractility. However, all of

these data are from MSMCs isolated from women at term, so the role of the SLO2.1/NALCN complex early in pregnancy was

speculative. To address this question here, we examined the role of the SLO2.1/NALCN complex in regulating mouse MSMC

membrane potential across pregnancy. We report that Slo2.1 and Nalcn are more highly expressed in MSMCs from nonpregnant and

early pregnant mice than in those from late‐pregnant mice. Functional studies revealed that SLO2.1 channels mediate a significant

portion of the K+ current in mouse MSMCs, particularly in cells from nonpregnant and early pregnant mice. Activation of SLO2.1 by

Na+ influx through NALCN led to membrane hyperpolarization in MSMCs from early pregnancy but not in MSMCs from later

pregnancy. Moreover, the NALCN/SLO2.1 complex regulates intracellular Ca2+ responses more in MSMCs from nonpregnant and early

pregnancy mice than in MSMCs from late pregnancy. Together, these findings reveal that the SLO2.1/NALCN functional complex is

conserved between mice and humans and functions throughout pregnancy. This study could open avenues for targeted pharmaco-

logical interventions for pregnancy‐related complications.

1 | Introduction

During much of pregnancy, the uterus is quiescent. At term, the
uterus becomes highly contractile to expel the fetus (Casteels
and Kuriyama 1965; Parkington et al. 1999). Uterine contrac-
tility is partially controlled by myometrial smooth muscle cell

(MSMC) excitability, which is regulated by the MSMC resting
membrane potential (Vm) (Ferreira et al. 2019, 2021;
Parkington et al. 1999; Reinl et al. 2015, 2018). The Vm is
maintained through a balance between hyperpolarizing forces,
primarily driven by outward potassium (K+) currents (Anwer
et al. 1993; Knock et al. 1999), and depolarizing forces, largely
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mediated by inward sodium (Na+) leak currents. Changes in
these ion fluxes modify the Vm and modulate calcium (Ca2+)
influx through voltage‐dependent Ca2+ channels (VDCCs) and
other Ca2+ channels such as TRP C1, 3, and 6 (Babich
et al. 2004; Dalrymple 2002; Dalrymple et al. 2007; Ku
et al. 2006; Lacampagne et al. 1994; Wang et al. 2020; Yang and
Sachs 1989).

MSMCs isolated from non‐laboring women at term exhibit an Na+‐
regulated K+ current that is lost when the K+ channel SLO2.1 is
knocked down. The current through SLO2.1 hyperpolarizes the
MSMC Vm and dampens excitability (Ferreira et al. 2019). SLO2.1
is activated by Na+ influx through Na+ leak channel nonselective
(NALCN). This was demonstrated by showing that inhibition of
NALCN with gadolinium (Gd2+) or replacing Na+ with Lithium
(Li+), which can pass through NALCN but not activate SLO2.1,
prevented Na+‐activated K+ influx. Furthermore, NALCN and
SLO2.1 are in proximity to one another in human MSMCs, and the
functional coupling of NALCN and SLO2.1 regulates contractility
(Ferreira et al. 2021). These data support a model that, during
pregnancy, Na+ influx through NALCN activates SLO2.1, leading to
K+ influx, Vm hyperpolarization, and MSMC quiescence. However,
all these experiments were done with MSMCs from women at term,
so the functional interactions between SLO2.1 and NALCN earlier
in pregnancy are unknown.

In this study, we investigated SLO2.1/NALCN complex dynamics in
a mouse model in which we could compare various stages of
pregnancy. We report differential expression of both SLO2.1 and
NALCN channels in mouse MSMCs at various pregnancy stages.
mRNA expression is lowest in late pregnancy when MSMCs are
most excitable. Furthermore, we report a reduction in SLO2.1
currents and SLO2.1/NALCN complex activity in mouse MSMCs in
late pregnancy. Together, our data indicate that regulation of uter-
ine excitability through the SLO2.1/NALCN functional complex is
conserved across species and that this complex is important
throughout different stages of pregnancy.

2 | Methods

2.1 | Animals and Tissue Collection

Animal procedures followed NIH guidelines and were approved by
the Institutional Animal Care and Use Committee at Washington
University. C57BL/6 mice (Jackson Laboratories) were housed in
12‐h light/dark cycle with ad libitum access to food and water. Each
female mouse aged 8–22weeks was housed with a male aged
8–22weeks and checked every morning. The day on which a cop-
ulatory plug was detected was recorded as pregnancy day 0.5. Uteri
were collected from nonpregnant mice at different stages of estrus
and from pregnant mice at gestational days 7.5, 10.5, 14.5, and 18.5.

2.2 | Mouse Myometrium Digestion and Cell
Culture

The uterus was dissected from euthanized mice and opened lon-
gitudinally, with the longitudinal smooth muscle layer facing up.
Fetuses, placenta, and decidua lining were meticulously removed
from the uterus. The uterine muscle was then thoroughly washed

with Hanks' Balanced Salt Solution (HBSS) or Dulbecco's
phosphate‐buffered saline (DPBS) (Ca2+ and Mg2+ free) at least
twice to eliminate blood and debris. The cleaned uterine tissue was
cut into squares of approximately 2–5mm.

Smooth muscle cells were dissociated in DPBS or Dulbecco's
Modified Eagle Medium (DMEM) supplemented with 0.5% bovine
serum albumin (BSA) and 0.25 units/mL of Liberase TM (Roche,
165 µg in 7.5mL). The tissue pieces were incubated at 37°C with
constant shaking for 45–60min. Then, the tissue pieces were
transferred to a fresh solution devoid of the enzyme. Using fire‐
polished Pasteur pipettes of varying sizes, the tissue was mechani-
cally disaggregated by pipetting up and down for several minutes,
gradually reducing the size of the pipette openings as the tissue
disintegrated into a cellular suspension.

The cell suspension was then filtered through a 70‐µm strainer
to remove any undigested tissue pieces and centrifuged at 860
relative centrifugal force (RCF) for 10min. After discarding the
supernatant, the cell pellet was resuspended in 1–2mL of fresh
10% DMEM‐F12 media supplemented with 100 units/mL pen-
icillin and 100 µg/mL streptomycin (complete media). The re-
suspended cells were then seeded in a T75 cm2 flask containing
10–20mL of complete DMEM‐F12 media and incubated at 37°C
with 5% CO2 for a maximum of 14–18 h before being used for
experimental procedures.

2.3 | RNA Isolation, Reverse Transcription, and
Real‐Time PCR

To isolate total RNA from primary mouse MSMCs and hTERT‐
HM cells, the Qiagen RNeasy Kit (catalog no. 74124; Qiagen,
Valencia, California) was used. Superscript III Reverse
Transcriptase (catalog no. 18080‐044; Invitrogen, Carlsbad,
California) and random hexa‐nucleotide primers (catalog no.
H0268‐1UN; Sigma‐Aldrich, St. Louis, Missouri) were used to
synthesize cDNA. PCR primers (Integrated DNA Technologies,
Coralville, Iowa) were designed with Oligo 7 software
(Molecular Biology Insights, Colorado Springs, Colorado). RNA
was extracted from uterine tissue with TRIzol and the Aurum
total RNA fatty and Bio‐Rad's fibrous tissue module. iScript
reverse transcription supermix was used to synthesize cDNA.
Real‐time PCR was performed with iQ‐SYBR Green Supermix
on a CFX96 Real‐time System in the following conditions: 95°C
for 5 min and then 50 cycles of 95°C for 10 s and 60°C for 30 s.
Reactions were performed in duplicate, and data were nor-
malized to Top1 and Sdha using the ΔΔCT method. Primer
sequences: Nalcn, 5′TTTCCCCGCTGGCGCTCCTA3′ and 5′
ACCAGCTGCCAACCACCAGC3′; Top1, 5′AAGATCGAGAA
CACCGGCATA3′ and 5′CTTTTCCTCCTTTCGTCTTTCC3′;
Sdha, 5′GGAACACTCCAAAAACAGACCT3′ and 5′CCACCA
CTGGGTATTGAGTAGAA3′ (Reinl et al. 2018); Slo2.1, 5′
TCTTGAGAGCATGGGCTGTG3′ and 5′GGTGACTGCTGCCC
TTCTTG3′.

2.4 | Immunohistochemistry

Uteri were fixed in 10% buffered formalin, processed, and sec-
tioned (4 µm). Slides were incubated in citric acid‐based
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solution at ~95°C for 30min, blocked with Avidin/Biotin kit
and 10% normal goat serum for 30 min, and incubated over-
night at 4°C in primary antibodies (1:500 anti‐NALCN, Alo-
mone labs; 1:4000 anti‐SLO2.1, Absolute Antibody; 1:50 α‐
Smooth muscle actin, Invitrogen). Slides were incubated in
biotinylated secondary antibodies in 10% normal goat serum for
30 min at room temperature. Slides were washed three times
with PBS between each step except after the block. A signal was
detected with Vectastain Elite ABC and DAB substrate kits.
Nuclei were counterstained with Gills Hematoxylin. Images
were captured on a Leica TCS SPE microscope.

2.5 | Electrophysiology

Cells were serum starved in DMEM for at least 2 h before patch
clamp experiments. Borosilicate glass pipettes (Warner Instru-
ments, Hamden, Connecticut) with 1.0–1.8 MΩ resistance were
used for whole‐cell recordings, and pipettes with 4–6MΩ
resistance were used for single‐channel recordings. Whole‐cell
recordings of mouse MSMCs were performed in asymmetrical
K+ solutions (unless specified in the figures) as follows
(in mM): External solution 135 NaCl (replaced by 135 LiCl, in
the Na‐free or 0 mM Na+ solution), 5 KCl, 5 HEPES, and 2
MgCl2; Internal solution, 140 KCl, 5 HEPES, 0.5 MgCl2, 5
ATPMg (0.6 mM free Mg2+) and 10 EGTA (0 Ca2+ solution), or
1 EGTA and 100 nM Ca2+ free (Ca2+‐containing solution). The
pH of all solutions was adjusted to 7.3–7.4. During experiments,
cells were continuously perfused. Traces were acquired with
Axopatch 200B (Molecular Devices, Sunnyvale, California),
digitized at 10 kHz for whole‐cell recordings. Records were fil-
tered at 2 kHz for macro whole‐cell currents. Data were ana-
lyzed with pClamp version 10.6 (Molecular Devices) and
SigmaPlot version 15 (Systat Software Inc., Chicago, Illinois).

2.6 | In situ PLA

Mouse MSMCs were cultured in 8‐well‐chambered slides and
serum‐deprived in 0.5% FBS for 24 h. Cells were then washed in
ice‐cold 1× PBS, fixed with 4% paraformaldehyde in PBS for
20 min at room temperature, washed 4× 5‐min in 1× PBS,
permeabilized with 0.1% NP‐40 for 5 min at room temperature,
washed twice with PBS and once with 100mM Glycine in PBS,
and rinsed in milliQ water. Duolink in situ proximity ligation
assay (PLA) labeling was performed with NALCN (mouse
monoclonal, 1:100, StressMarq) and SLO2.1 (rabbit polyclonal,
1:200, Alomone) antibodies. The manufacturer's protocol was
followed except that cells were stained with NucBlue Fixed Cell
Stain Ready Probes (Invitrogen) for 5 min at room temperature
before the final wash in wash buffer B. Slides were dried at
room temperature in the dark, mounted in Vectashield, and
stored at −20°C until analysis. Images were captured with a
Leica AF 6000LX system with a Leica DMi8000 inverted
microscope, a 63× objective (HC PL FluoTar L 63×/0.70 Dry),
and an Andor‐Zyla‐VCS04494 camera at room temperature.
Excitation wavelengths were 488 nm for PLA signals and
340 nm for NucBlue. Leica LasX software controlled the system
and collected data. Acquisition parameters were: 2‐ and 1.5‐s
exposure time for 488 and 340 nm, respectively, no binning,

2048 × 2048 pixels resolution, and a voxel size of 0.103mm.
Image analysis was performed with LAS X, ImageJ, and Sig-
maPlot 15. Data are reported as the number of punctae per cell
after background subtraction.

2.7 | Determination of Vm by Flow Cytometry

Mouse MSMCs were centrifuged at 325 RCF for 5 min and re-
suspended in modified Ringer's solution (in mM, 80 Choline Cl,
10 HEPES, 5 Glucose, 5 KCl, 2 CaCl2, pH 7.4). Before recording,
0.02 mg/mL Hoechst and 150–500 nM DiSC3(5) were added to
500 μL of cell suspension. Data were recorded as individual
cellular events based on Side Scatter Area (SSC‐A) and Forward
Scatter Area (FSC‐A), with fluorescence collected from 10,000
to 25,000 events per condition. Thresholds for FSC‐A and SSC‐A
were set to exclude signals from cellular debris. Living cells
were selected with the Pacific Blue filter (450 nm), and
DiSC3(5)‐positive cells were detected with the Allophycocya-
nine APC filter (670 nm).

To measure the effect of Na+ on Vm, 80mM NaCl or Lithium
(Li+) was added to the 500 μL suspensions. At the end of each
experiment, 1 µM Valinomycin was added to establish a refer-
ence point for cross‐experiment comparisons. Normalization
was calculated as ((FValino−FRef)/(FValino−FCation))*100, where
FRef is the median fluorescence of the population in the basal
condition, FCation is after the addition of the cation, and FValino
is after the addition of Valinomycin. Data were analyzed with
FlowJo 10.6.1 software and reported as median values.

2.8 | Lentivirus Production and Injection

Scrambled, Slo2.1, and Nalcn shRNAs were cloned into the
pGFP‐C‐shLenti vector (OriGene) and cotransfected with
pMD2.G and psPAX2 (Addgene, plasmid # 12259 and 12260)
into HEK293T cells to produce virus. Media from transfected
HEK293T cells was collected and concentrated with Lenti‐X
concentrator. Lentiviruses were injected into multiple sites
along the uterine horn in nonpregnant mice, and MSMCs were
isolated 7–10 days later. EGFP positivity was used to identify
MSMCs expressing the shRNAs. The following shRNA
sequences were used: Slo2.1, TCTAACTTGGCCTTTATGTTTC
GACTGCC and AGAGCCATTCAGCGTACACAGTCTGCAAT;
Nalcn, TGGTGACTGTGGATGTAATAGTTGCTGCC and AAC
AGGACACCTGCTGTCTCTTCAGAATC.

2.9 | Calcium Imaging

Cells were cultured on glass coverslips for 16–24 h at 37°C,
incubated in 2 μM Fluo‐4 AM and 0.05‐0.1% Pluronic Acid
F‐127 in Opti‐Mem for 60–90min, and then incubated in
Ringer's solution for 10–20min. Solutions were applied with a
perfusion system with an exchange time of approximately 1.5 s.
Recordings began 2–5min before the addition of test solutions.
Ionomycin (2–5 μM) was added at the end of recordings as a
reference point for comparison across experiments. Calcium
(Ca2+) signals were recorded using a Leica AF 6000LX system
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with a Leica DMi8000 inverted microscope, a 40× (HC PL
FluoTar L 40×/0.70 Dry) or a 20× (N‐Plan L 20×/0.35 Dry) air
objective, and an Andor‐Zyla‐VCS04494 camera. Excitation and
emission filters were 488/20 and 530/20 nm, respectively. Leica
LasX2.0.014332 software controlled image collection. Acquisi-
tion parameters: 120ms exposure time, 2 × 2 binning, 512 × 512
pixels resolution, with a voxel size of 1.3 mm for the 20×
objective. Images were captured every 10 s. Data were analyzed
with LAS X, ImageJ, Clampfit 10 (Molecular Devices), and
SigmaPlot 15 software. Changes in intracellular Ca2+ concen-
tration are presented as (F/FIono) after background subtraction.
All imaging experiments were conducted at room temperature.
Cells were considered responsive if they exhibited fluorescence
changes of at least 5%–10% of ionomycin responses after
normalization.

2.10 | Statistical Analysis

Statistical analyses were performed using SigmaPlot (version
15.0). For independent samples, an unpaired Student's t‐test
was used, while a paired t‐test was applied for case–control
designs involving the same animals. Comparisons among
multiple groups were conducted using one‐way ANOVA or
appropriate multiple comparison tests. Data are presented as
mean ± standard deviation, with p< 0.05 considered statisti-
cally significant. Plotted values represent the mean of all tech-
nical replicates (1–3) performed within each experiment. In
Figures 1, 3, 5 and 6, values represent the average per animal,
while in Figures 2 and 4, they correspond to the average per cell
tested. Since no a priori power analysis was conducted to
determine the required sample sizes, findings from sample sizes
below five should be considered preliminary, and p values
should be interpreted as descriptive.

3 | Results

3.1 | SLO2.1 and NALCN Are Expressed in Mouse
MSMCs

To determine whether SLO2.1 and NALCN are expressed in
mouse MSMCs as they are in human MSMCs, we first per-
formed qRT‐PCR to examine the expression of the related
channels Slo2.1 and Slo2.2. We could not detect Slo2.2mRNA at
any stage but could detect Slo2.1 mRNA in MSMCs isolated
from nonpregnant mice and mice at different stages of preg-
nancy (Figure 1a,b). Slo2.1 and Nalcn mRNAs were signifi-
cantly more abundant in uteri of nonpregnant mice and uteri
from day post‐copulation 7.5 (d7.5) mice than in uteri from
mice at term (d18.5) (Figure 1c,d). Immunohistochemistry
showed that, in nonpregnant mice, SLO2.1 and NALCN pro-
teins were expressed in the longitudinal and circular smooth
muscle layers (Figures 1e, S1, and S2). On d7.5, SLO2.1 and
NALCN were evident in both mesometrial and antimesometrial
myometrial smooth muscle at both implantation and inter‐
implantation sites. However, NALCN was more abundant in
the mesometrial myometrium than in the antimesometrial
myometrium. At d14.5 and d18.5, SLO2.1 and NALCN expres-
sion in smooth muscle appeared lower than at d7.5. Staining for

smooth muscle actin confirmed that SLO2.1 and NALCN were
predominantly expressed in smooth muscle. Staining in the
decidua was largely nonspecific background (Figure S1). These
findings indicate that SLO2.1 and NALCN are expressed in
mouse MSMCs, and that expression decreases late in
pregnancy.

FIGURE 1 | SLO2.1 and NALCN expression in uterus and myo-

metrial smooth muscle cells. (a and b) Representative reverse tran-

scription PCR of (a) Slo2.1 or (b) Slo2.2 in myometrial smooth muscle

cells (MSMCs) from nonpregnant (NP) and day post coitus, 10.5 (d10.5),

14.5 (d14.5), 18.5 (d18.5), and 19 (d19) mice. No reverse transcriptase

(RT) and ddH2O are negative controls, and hTERT cell cDNA is a

positive control. (c and d) Relative mRNA expression of (c) Nalcn and

(d) Slo2.1 in mouse uteri as measured by quantitative real‐time PCR.

Expression was normalized to Top1 and Sdha. We analyzed NALCN

and SLO2.1 mRNA expression in 21 nonpregnant (NP), 12 day 7.5

(d7.5), and 12 day 18.5 (d18.5) mice. *p< 0.05, **p< 0.01, ***p< 0.001;

ns, not significant, by one‐way ANOVA with Dunn's pairwise method.

(e) Representative Immunohistochemistry images of NALCN and

SLO2.1 in mouse uteri at the indicated time points, with hematoxylin

counterstain. SMA, smooth muscle actin. lm, longitudinal muscle; cm,

circular muscle; AM, antimesometrial; M, mesometrial. Scale bar,

100 µm. We performed NALCN and SLO2.1 immunohistochemistry in

tissues from 11 to 8 females, respectively.
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3.2 | Mouse MSMCs Conduct a Na+‐Activated K+

Current Driven by SLO2.1

To assess the presence of Na+‐activated K+ currents in
MSMCs isolated from nonpregnant mice, we first conducted
single‐channel recordings, revealing Na+‐activated K+

channels with an approximate conductance of 100 pS, likely
the Na+‐activated K+ channel SLO2.1 (Figure 2a–c). We also
detected activity (not shown) of the large‐conductance Ca2+‐
activated K+ channel SLO1 (BKCa, encoded by Kcnma1),
which is expressed in MSMCs (Brainard et al. 2009; Ferreira
et al. 2019; Khan et al. 1993, 1998; Lorca et al. 2014; Wakle‐
Prabagaran et al. 2016). We next performed whole‐cell patch
clamp experiments in which we applied depolarizing voltage
clamp steps (10 mV) from −80 to +120 mV (Vh = 0 mV) in
MSMCs. This revealed a time‐dependent, non‐inactivating
outward K+ current (Figure 2d). We suspected that a portion
of this current was conducted by SLO1 (Brainard et al. 2009;
Ferreira et al. 2019; Khan et al. 1993, 1998; Lorca et al. 2014;
Wakle‐Prabagaran et al. 2016), so we treated MSMCs from
nonpregnant and d18.5 mice with the SLO1 blocker tetra-
ethylammonium (TEA) (5 mM) (Figure 2d, e). These ex-
periments revealed a TEA‐sensitive current (60%–70% of the
total whole‐cell current) and a TEA‐resistant current
(30%–40% of the total whole‐cell K+ current). To confirm
that the TEA‐resistant current was conducted by SLO2.1, we
treated cells with phorbol 12‐myristate 13‐acetate (PMA).
PMA activates protein kinase C, which inhibits SLO2.1, so

PMA is an indirect inhibitor of SLO2.1 (Chen et al. 2009;
Kaczmarek 2013; Santi et al. 2006). PMA inhibited the TEA‐
resistant current in MSMCs from both nonpregnant and
d18.5 mice (Figure 2f). We conclude that SLO2.1 channels
are responsible for the TEA‐resistant K+ current in mouse
MSMCs. Consistent with our expression data, SLO2.1 cur-
rent was lower in MSMCs from d18.5 mice than in MSMCs
from nonpregnant mice (Figure 2f).

3.3 | SLO2.1 and NALCN Co‐Localize in
Nonpregnant Mouse Msmcs

SLO2.1 and other Na+ channels form complexes in neurons
(Hage and Salkoff 2012; Takahashi and Yoshino 2015), and
SLO2.1 and NALCN form a complex in human MSMCs
(Ferreira et al. 2021). To determine whether NALCN co‐
localizes with SLO2.1 in mouse MSMCs, we conducted
in situ PLAs in which we stained mouse MSMCs with anti-
bodies recognizing SLO2.1 and NALCN, along with DNA‐
tagged secondary antibodies. If the proteins were within
40 nm, DNA ligation and subsequent amplification would
occur, leading to fluorescent punctae in the cells. We
observed significantly more punctae in cells stained with
both anti‐NALCN and anti‐SLO2.1 antibodies than in cells
stained with either antibody alone or with only secondary
antibodies (Figure 3). This finding indicates that NALCN
and SLO2.1 co‐localize in mouse MSMCs.

FIGURE 2 | SLO2.1 Sodium‐activated potassium currents in mMSMCs. (a) Left, a schematic of solutions. Right, representative single‐channel
patch‐clamp recordings of SLO2.1 channels from nonpregnant (NP) myometrial smooth muscle cells (MSMCs) at −60 mV and +80mV in the

presence and absence of 80 mM Na+ in a 140mM symmetrical K+ solution. (b) Graph showing SLO2.1 channel open probability (Po) at +80mV in

the presence and absence of 80mM Na+. (c) Graph showing the mean amplitude and standard deviation (SD) of SLO2.1 single channel current in

MSMCs at different voltages (n= 4). Channel conductance was calculated from the slope of the fitted line (dotted red line), with a conductance value

of 103 pS. (d) Left, schematic of whole‐cell patch clamp setup, solutions, and voltage steps protocol (Vh = 0mV, with step pulses from −80 to

+120mV). Right, representative K+ currents recorded in MSMCs from NP and day 18.5 (d18.5) females under control conditions, in the presence of

the SLO1 (BK) blocker 5 mM TEA (+TEA), and in the presence of the PKC activator and SLO2.1 inhibitor, 1 µM PMA (PMA). (e) Graph showing

SLO1 (TEA‐sensitive) and (f) graph showing SLO2.1 (PMA‐sensitive) currents normalized to cell capacitance (Cm) from NP and d18.5 females.

Values are (mean ± SD): for (e) NP‐TEA‐Sensitive (11.98 ± 3.37, n= 4 cells), and d18.5‐TEA‐Sensitive (12.38 ± 3.25, n= 3 cells). For (f) NP‐PMA‐
Sensitive (3.62 ± 0.49, n= 4 cells), and d18.5‐PMA‐Sensitive (2.26 ± 0.76, n= 4 cells). *p< 0.05; ns, not significant, by unpaired t‐test.
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3.4 | Na+ Influx Through NALCN Activates
SLO2.1 in MSMCs From Nonpregnant and Early
Pregnant Mice

We first confirmed that NALCN conducts a Na+ current in MSMCs
from nonpregnant and d18.5 mice (Figure S3). To determine
whether Na+ influx through NALCN activates SLO2.1 in mouse

MSMCs as in human MSMCs (Ferreira et al. 2021), we conducted
whole‐cell patch clamp experiments on MSMCs isolated from dif-
ferent stages of pregnancy. Substituting 135mM Li+ with 135mM
extracellular Na+ led to a 100%–200% increase in K+ currents at
both +80 and −60mV in MSMCs from nonpregnant and early
pregnant (d7.5) mice but not in MSMCs from d14.5 and d18.5
(Figure 4a,b,c,d,g,h). To determine whether the channel

FIGURE 3 | SLO2.1 and NALCN colocalization in mouse MSMCs. (a) Representative proximity ligation assay labeling (green) of mouse MSMCs

with the indicated single antibodies and antibody combinations. Blue is a nuclear stain. Scale bar, 20 µm. (b) The average number of punctae in

mouse MSMCs with the indicated antibodies. The values are: SLO2.1/NALCN, 10.75 ± 1.40; NALCN, 1.44 ± 0.24; SLO2.1, 1.87 ± 0.59; and 2nd Ab

Alone, 1.75 ± 0.95, all from n= 4 (mice). Over 100 cells per condition were counted. Data are presented as mean and standard deviation. ***p< 0.001

by one‐way ANOVA test with Tukey method.

FIGURE 4 | SLO2.1 channel activation by a NALCN‐dependent Na+ current in mouse MSMCs. (a, c, and e) Left, schematics of whole‐cell bath
and pipette solution ionic concentrations and voltage steps applied to the cells. Right, representative whole‐cell currents elicited from Vh =−70mV,

and step pulses from −80 to +120mV, recorded in 135mM Na+ or 135 mM external Li+ of MSMCs isolated from (a) nonpregnant (NP), (c) pregnancy

day‐18.5 (d18.5), and (e) NP mice treated with NALCN‐shRNA. The Na+‐dependent currents were calculated by subtracting traces (135mM Na+ –
135mM Li+). (b, d, and f) Graphs showing the current–voltage (I–V) relationships for the representative currents: 135 mM Li+ or control (black lines)

and 135mM Na+ (red lines). (g and h) Graphs depicting at different stages of pregnancy the percentage of Na+‐dependent currents at +80 and

−60 mV, respectively. Data are plotted as mean ± standard deviation. (g) Values are: NP, 104.66 ± 99.75, n= 19 cells; d7.5, 99.37 ± 45.79, n= 8 cells;

d14.5, 14.84 ± 10.39, n= 3 cells; d18.5, −19.22 ± 20.99, n= 9 cells; (h) Values are: NP, 191.44 ± 149.69, n= 19 cells; d7.5, 126.20 ± 76.14, n= 8 cells;

d14.5, −16.38 ± 118.5, n= 3 cells; d18.5, 2.13 ± 22.87, n= 9 cells. (i and j) Graphs depicting the percentage of Na+‐dependent currents at +80 and

−60mV in animals treated with Scrambled or NALCN shRNA, respectively. (i) Values are: Scrambled, 80.65 ± 17.25, n= 3 cells, and NALCN shRNA,

18.54 ± 21.41, n= 3 cells. (j) Values are: Scrambled, 173.16 ± 54.65, n= 3 cells, and NALCN shRNA, ‐25.91 ± 24.32, n= 3 cells. *p< 0.05, **p< 0.01,

***p< 0.001; ns, not significant, in (g and h) by one‐way ANOVA with Dunn's pairwise method and in (i and j), by paired t‐test.
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responsible for conducting Na+ to activate SLO2.1 was NALCN, we
conducted similar experiments in nonpregnant mouse MSMCs
expressing shRNA specific to NALCN (Figure 4i,j). In these cells,
the Na+‐activated K+ current activated by Na+ was 10%–20% of
that in control MSMCs (Figure 4i,j). Additionally, Gd2+ signifi-
cantly inhibited this current (Figure S4). These findings suggest
that, in nonpregnant and early pregnancy stages, the Na+

responsible for activating K+ efflux through SLO2.1 enters MSMCs
through NALCN.

3.5 | Activation of the NALCN/SLO2.1 Complex
Hyperpolarizes MSMCs From Nonpregnant and
Early Pregnancy Stage Mice

We next wondered whether Na+‐mediated activation of SLO2.1
and the ensuing K+ efflux could lead to membrane hyper-
polarization in mouse MSMCs. Thus, we performed flow cyto-
metry with the cationic voltage‐sensitive dye, DiSC3(5)
(Ferreira et al. 2021). In MSMCs from nonpregnant and d7.5
mice, treatment with 80mM extracellular Na+ led to a respec-
tive increase of −28.98 ± 24.51 and −47.67 ± 26.02 in DiSC3(5)
fluorescence (normalized to Valinomycin), indicating mem-
brane hyperpolarization at these stages (Figure 5b,c,d). Treat-
ment with 80mM Li+, a NALCN‐permeable cation that does
not activate SLO2.1, depolarized MSMCs from nonpregnant
mice (Figure 5c). Similar experiments with the impermeable

cation choline also showed no membrane hyperpolarization,
indicating that the Na+ effect was not due to osmolarity changes
(Ferreira et al. 2021). Conversely, MSMCs from d14.5 and d18.5
mice exhibited a statistically significant depolarization after the
addition of 80 mM Na+ (Figure 5b,d). This indicated that Na+

influx at these stages did not activate K+ efflux through SLO2.1.

To confirm that SLO2.1 and NALCN contribute to the Na+‐
induced membrane hyperpolarization, we isolated MSMCs
from mice treated with shRNAs specific for Slo2.1 or Nalcn.
These MSMCs exhibited significantly smaller Na+‐dependent
membrane hyperpolarization than those that received Scram-
bled shRNA control (Figure 5e). Consistent with these findings,
treatment with PMA resulted in Na+‐dependent depolarization,
and treatment with Gd2+ or NALCN inhibitors prevented acti-
vation of SLO2.1 by Na+ influx (Figure S5). Together, our
results suggest that Na+ influx through NALCN activates
SLO2.1‐dependent membrane hyperpolarization in mouse
MSMCs.

3.6 | SLO2.1 and NALCN Differentially Modulate
Ca2+ Responses in Mouse MSMCs Across
Pregnancy

Membrane depolarization in human and mouse MSMCs en-
hances Ca2+ influx via VDCCs (Ferreira et al. 2021), and

FIGURE 5 | Myometrial smooth muscle cell membrane potential regulation by SLO2.1 and NALCN. (a) Experimental scheme. (b) Represent-

ative images of relative shifts of DiSC3(5) fluorescence induced by 80mM Na+ in MSMCs from nonpregnant (NP) and pregnancy day (d) 18.5 mice.

(c) Quantification of shifts induced by Na+ (−28.22 ± 26.16, n= 27 mice), and Li+ (42.83 ± 31.54, n= 13 mice) in MSMCs from NP mice. (d)

Quantification of shifts induced by Na+. Values are NP, −28.98 ± 24.51, n= 31 mice; d7.5, −47.67 ± 26.02, n= 6 mice; d14.5, 17.23 ± 33.27, n= 4

mice; and d18.5, 40.22 ± 41.78, n= 17 mice. (e, left) Quantification of shifts induced by Na+ in NP mice treated with Scrambled or SLO2.1 shRNA.

Values are: Scrambled −26.14 ± 16.47, n= 4 mice, and for SLO2.1 shRNA −6.87 ± 15.10, n= 4 mice. (e, right) Quantification of shifts induced by Na+

in NP mice treated with Scrambled or NALCN shRNA. Values are: Scrambled −27.41 ± 15.22, n= 4 mice, and for NALCN shRNA −4.70 ± 14.56,

n= 4 mice. (c–e) All data were normalized to the fluorescence changes induced by valinomycin and are presented as mean and standard deviation.

**p< 0.01, ***p< 0.001, ns, not significant, for (c) by unpaired t‐test with Mann–Whitney corrections, for (d) by one‐way ANOVA with Dunn's

pairwise method and in (e) by paired t‐test.
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inhibiting SLO2.1 in human MSMCs leads to increased Ca2+

entry through VDCCs (Ferreira et al. 2019, 2021). Thus, we
wanted to define the effects of the NALCN/SLO2.1 complex on
Ca2+ in mouse MSMCs across pregnancy. To do so, we loaded
MSMCs with the Ca2+ indicator Fluo4‐AM. Treatment of
MSMCs from nonpregnant mice with 135mM Li+ induced
similar Ca2+ oscillations (Figure 6a,c) as those prompted by
80mM KCl (Figure S6a), whereas 135mM Na+ abolished these
oscillations (not shown). Treatment of MSMCs from non-
pregnant mice in which Slo2.1 or Nalcn were knocked down
caused no Ca2+ oscillations, indicating that the oscillations

depended on the two channels (Figure 6d). Similarly, Li+‐
induced Ca2+ oscillations were significantly reduced in cells
treated with NALCN inhibitors (Figure S6). Conversely, treat-
ment with 135mM Li+ did not induce Ca2+ oscillations in
MSMCs from pregnancy d18.5 mice (Figure 6b,c). Thus, these
results showed that the NALCN/SLO2.1 complex is more active
at the beginning than at the end of pregnancy.

To confirm that the Ca2+ oscillations depended on extra-
cellular Ca2+, we repeated the experiment in 0 mM extra-
cellular Ca2+ plus 2 mM EGTA. This treatment prevented the

FIGURE 6 | SLO2.1/NALCN regulation of intracellular calcium homeostasis in mouse MSMCs. (a–b) Representative fluorescence images (left)

and traces (right) from MSMCs from nonpregnant (NP) and pregnancy day (d) 18.5 mice loaded with 10 µM Fluo‐4 AM in the presence of the

indicated ions. (c) Graph of the areas under the curve (AUCs) of the first 5 min after changing the solutions from 135mM Na+ to 135mM Li+. Values

are: NP, 16.17 ± 7.0, n= 16 mice; d7.5, 19.53 ± 6.46, n= 11 mice; d14.5, 6.46 ± 2.29, n= 4 mice; d18.5, 6.01 ± 1.96, n= 10 mice. (d) Graph of the AUCs

of the first 5 min after changing the solutions from 135mM Na+ to 135mM Li+ in animals treated with shRNA against SLO2.1, NALCN, and paired

Scrambled. Values are: SLO2.1 paired Scrambled, 18.77 ± 3.62, n= 4 mice; SLO2.1 shRNA, 7.09 ± 3.78, n= 4 mice; NALCN paired Scrambled,

21.34 ± 5.88, n= 4 mice; and NALCN shRNA, 6.82 ± 3.74, n= 4 mice. (e) Graph of the baseline Ca2+ in NP and d18.5 mice, in control conditions and

in the presence of the voltage‐activated calcium channel inhibitor verapamil. Values are: NP, 17.65 ± 4.15, cells = 37, mice = 13; NP + Verapamil,

2.42 ± 3.02, n= 4 mice; d18.5, 6.81 ± 7.93, cells = 10, mice = 4 mice; and d18.5 + Verapamil, 1.33 ± 1.76, cells = 8, mice = 4. All data were normalized

to the fluorescence in 2–5 µM ionomycin and 2mM extracellular Ca2+ (Iono), and all data are presented as mean and standard deviation. *p< 0.05,

**p< 0.010, ***p< 0.001, and ns, not significant, for (c) by one‐way ANOVA with Dunn's pairwise method, for (d) by paired t‐test, and for (e) by

unpaired t‐test with Mann–Whitney correction.
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Li+‐induced Ca2+ oscillations (Figure S6). Furthermore, the
proportion of cells responding to Li+ was lower when the
VDCC inhibitor Verapamil was present (Figure 6e). In sum-
mary, our results indicate that Na+ influx through NALCN
activates SLO2.1, leading to membrane hyperpolarization and
reduction of Ca2+ oscillations in MSMCs from nonpregnant
and early pregnancy stage mice but not in MSMCs from late‐
pregnancy stage mice.

4 | Discussion

In previous work, we demonstrated that the Na+ channel
NALCN and the K+ channel SLO2.1 form a functional complex
regulating the membrane potential of human MSMCs at the
end of pregnancy. Here, we present several lines of evidence
indicating that NALCN and SLO2.1 form a functional complex
that modulates mouse MSMC membrane potential and excit-
ability throughout all stages of pregnancy. First, we show that
SLO2.1 and NALCN mRNA and protein were expressed in
mMSMCs throughout pregnancy. Their expression declined in
late pregnancy, aligning with the higher MSMC excitability
observed at this stage. Second, we show that SLO2.1 currents
constitute a significant portion of the total K+ current in mouse

MSMCs. SLO2.1 currents are reduced in late pregnancy, cor-
roborating our expression data. Third, we demonstrate that
NALCN and SLO2.1 are in spatial proximity within mouse
MSMC membranes. Fourth, knocking down NALCN resulted
in a nearly complete reduction of the Na+‐activated SLO2.1
currents in mouse MSMCs. Fifth, in nonpregnant and early
stages of pregnancy, the predominant effect of Na+ entry
through NALCN is hyperpolarization due to SLO2.1 activation,
which results in outward K+ currents. This occurs because
SLO2.1 is a high‐conductance ion channel with much greater
conductance than NALCN. Finally, we report that SLO2.1/
NALCN complex regulates Ca2+ entry through VDCCs in
MSMCs from nonpregnant or early pregnancy mice, and its
contribution to intracellular calcium regulation is significantly
reduced in MSMCs from mice in late pregnancy.

Given our data, we propose the following model (Figure 7): in
nonpregnant and early‐pregnant mice (quiescent state), Na+

influx through NALCN activates SLO2.1 channels, promoting
K+ efflux and maintaining hyperpolarization of the cell mem-
brane. As a result, VDCCs remain closed, keeping the uterus in
a quiescent state. In contrast, toward the end of pregnancy
(active state), both the expression and activity of NALCN and
SLO2.1 channels decrease, leading to reduced K+ efflux,

FIGURE 7 | Proposed model by which the SLO2.1/NALCN complex regulates myometrial excitability during pregnancy in mice. In nonpregnant

mice and during early pregnancy (“quiescent state”), Na+ current through NALCN activates SLO2.1 channels, increasing K+ efflux to maintain the

cell in a hyperpolarized state. As a result, voltage‐dependent Ca2+ channels (VDCCs) are closed, and the uterus is quiescent. At the end of pregnancy

(“active state”), expression of NALCN and SLO2.1 channels and SLO2.1 activity are reduced. The reduced K+ efflux depolarizes the membrane,

leading to VDCC activation, an increase in intracellular Ca2+, and uterine contractility. Image modified from Ferreira et al. 2021, https://doi.org/10.

1016/j.isci.2021.103210.
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membrane depolarization, and VDCC activation. This increases
intracellular Ca2+ and enhances uterine contractility.

Our data are consistent with previous studies showing that
human, rat, and mouse MSMCs transition from a hyperpolar-
ized state to a depolarized state at the end of pregnancy
(Casteels and Kuriyama 1965; OSA 1974; Parkington
et al. 1999). This depolarization activates L‐type voltage‐
dependent Ca2+ channels, which allow Ca2+ influx to both
generate an action potential and activate actomyosin contractile
machinery (Berridge 2008). Our mouse model provides insights
into the potential role of NALCN in regulating myometrial
activity across pregnancy stages. In contrast to previous findings
(Reinl et al. 2015), which suggested a direct effect of NALCN on
the muscle inter‐burst frequency, our study suggests that the
primary role of NALCN is to modulate K+ permeability, espe-
cially through its interaction with SLO2.1 (Ferreira et al. 2021).
In addition to NALCN, other Na+ channels such as the TRPC 1,
3, and 6 (Babich et al. 2004; Dalrymple 2002; Dalrymple
et al. 2007; Ku et al. 2006; Lacampagne et al. 1994; Wang
et al. 2020; Yang and Sachs 1989) are expressed in MSMC.
However, these channels appear to contribute minimally to
Na+‐activated hyperpolarization in human MSMCs (Ferreira
et al. 2021).

In addition to SLO2, other K+ channels, such as Kir7.1 and
SLO1, are expressed in mouse MSMCs (Brainard et al. 2007;
Ferreira et al. 2019; Khan et al. 1993; McCloskey et al. 2014).
SLO1 channels exhibit high‐voltage sensitivity, decreasing their
contribution to currents at the resting membrane potential.
Kir7.1 channels maintain a hyperpolarized resting membrane
potential and low excitability in both mouse and human uterine
tissue, peaking in mid‐pregnancy mice (McCloskey et al. 2014).
Thus, Kir7.1 could play a role in regulating the hyperpolarized
resting membrane potential to maintain uterine quiescence in
early pregnancy. However, our study demonstrates that SLO1
and SLO2.1 together contribute to approximately 90% of the K+

current in mouse MSMCs, similar to observations in human
MSMCs (Ferreira et al. 2019). Further research is needed to
fully elucidate the roles of Kir7.1 and TRP channels in mouse
MSMCs.

Our data revealed that Nalcn and SLO2.1 are most highly ex-
pressed in MSMCs at d7.5 in pregnancy. At this stage, the
myometrium is proliferative, and two recent studies have sug-
gested that NALCN contributes to proliferation. In one paper,
NALCN expression in cancer cells is associated with promoting
invasion and metastasis (Folcher et al. 2023). In contrast,
Rahrmann et al. found that loss of NALCN increased the
growth of gastric cancer spheroids in vitro and cell shedding
and metastasis in vivo (Rahrmann et al. 2022). More investi-
gation is needed to determine whether NALCN, alone or in
combination with SLO2.1, is critical for MSMC proliferation at
this early stage of pregnancy. Furthermore, several NALCN
accessory subunits, such as Nalf1, have been identified and are
thought to be necessary for NALCN function and localization
on the plasma membrane (Monteil et al. 2023). The role of
accessory subunits will be the subject of future investigation.

The results reported in this study should be considered in light
of some limitations. First, we did not conduct a priori power

analyses to determine sample sizes. Second, with the techniques
used in this study, we could not determine whether the
reduction in SLO2.1/NALCN functional complex activity at the
end of pregnancy was due to decreased channel expression,
dissociation of the functional complex, or both. Further
research is needed to explore the dynamic interaction between
SLO2.1 and NALCN. Finally, there are currently no well‐known
specific SLO2.1 or NALCN inhibitors or activators that can be
considered for therapeutic use. However, we remain vigilant for
newly described compounds.

In summary, we demonstrate that the SLO2.1/NALCN func-
tional complex is conserved between mice and humans and
functions throughout pregnancy. Future studies should inves-
tigate the hormonal modulation of these channels in mice. In
human MSMCs, progesterone regulates NALCN expression
(Amazu et al. 2020), and oxytocin inhibits SLO2.1 activity
(Ferreira et al. 2021). Additional studies should also focus on
the interactions with other ion channels and the regulation of
NALCN by accessory proteins. Such research could lead to
novel drug targets for modulating myometrial contractility.
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