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Aims Pregnant (P) women have a significantly elevated resting heart rate (HR), which makes cardiac arrhythmias more likely to occur. 
Although electrical remodelling of the sinoatrial node (SAN) has been documented, the underlying mechanism is not fully under-
stood. The acetylcholine-activated potassium current (IKACh), one of the major repolarizing currents in the SAN, plays a critical role 
in HR control by hyperpolarizing the maximal diastolic potential (MDP) of the SAN action potential (AP), thereby reducing SAN 
automaticity and HR. Thus, considering its essential role in cardiac automaticity, this study aims to determine whether changes in 
IKACh are potentially involved in the increased HR associated with pregnancy.

Methods 
and results

Experiments were conducted on non-pregnant (NP) and pregnant (P; 17–18 days gestation) female CD-1 mice aged 2 to 4 months. 
IKACh was recorded on spontaneously beating SAN cells using the muscarinic agonist carbachol (CCh). Voltage-clamp data showed 
a reduction in IKACh density during pregnancy, which returned to control values shortly after delivery. The reduction in IKACh was 
explained by a decrease in protein expression of Kir3.1 channel subunit and the muscarinic type 2 receptor. In agreement with 
these findings, current-clamp data showed that the MDP of SAN cells from P mice were less hyperpolarized following CCh ad-
ministration. Surface electrocardiograms (ECGs) recorded on anaesthetized mice revealed that the cholinergic antagonist atropine 
and the selective KACh channel blocker tertiapin-Q increased HR in NP mice and had only a minimal effect on P mice. AP and ECG 
data also showed that pregnancy is associated with a decrease in beating and HR variability, respectively.

Conclusion IKACh function and expression are decreased in the mouse SAN during pregnancy, strongly suggesting that, in addition to other 
electrical remodelling of the SAN, reduced IKACh also plays an important role in the pregnancy-induced increased HR.
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1. Introduction
Women undergo major cardiovascular changes throughout their preg-
nancy.1 These normal physiological changes are essential to meet the great-
er physiological demands. For instance, as gestation progresses, resting 
heart rate (HR) gradually increases by 10–20 bpm to enhance cardiac out-
put.2 However, this increased HR can lead to the onset or exacerbation of 
supraventricular arrhythmias,3–5 compromising the health of the mother 
and the foetus. Although electrical remodelling of the sinoatrial node 
(SAN) has been shown to contribute to the increased HR during preg-
nancy,6,7 the underlying mechanisms have not yet been fully elucidated. 
Uncovering these mechanisms is of great importance, given the large pro-
portion of women who will become pregnant (P) in their lifetime, putting 
them at risk of developing cardiac arrhythmias. Furthermore, nowadays, 
women have their pregnancy at an older age, which is an additional risk fac-
tor for the development of arrhythmias.3,8

The SAN is responsible for cardiac automaticity and HR control.9,10 In a 
series of studies, we demonstrated that pregnancy in mice is associated with 
increased HR and vulnerability to supraventricular arrhythmias,6,7,11,12 as in 
women. We found that the increased HR was not secondary to changes 
in autonomic tone, blood pressure, or circulating catecholamine levels.6

However, we did find a significant increase in the density of the 
hyperpolarization-activated current (If)

6 and L-type calcium current (ICaL)
7

density in SAN cells from P mice. These results were explained by an en-
hanced expression of HCN2 and Cacna1d, respectively, and partly due to 
the elevated 17β-oestradiol concentrations found in late gestation.11

The acetylcholine-activated potassium current (IKACh), also known as 
the G-protein-gated potassium channel, is one of the main repolarizing cur-
rents of the SAN and has an essential role in pacemaking activity.13 As its 
name indicates, IKACh is activated following parasympathetic stimulation of 
the heart by acetylcholine.14 The latter and other muscarinic agonists, such 

as carbachol (CCh), bind to the G-protein-coupled muscarinic type 2 re-
ceptor (M2R), activating the ion channel composed of Kir3.1 and Kir3.4, 
also known as GIRK1 and GIRK4, respectively.15 The opening of the 
G-protein-activated ion channel allows K+ ions to go through, generating 
IKACh. This ionic current may also be negatively regulated by two regulators 
of G protein signalling (Rgs) found in the SAN, Rgs416 and Rgs6.17 IKACh 

plays a key role in cardiac automaticity, as its activation hyperpolarizes 
the maximal diastolic potential (MDP) of the SAN action potential (AP), 
leading to a reduction in AP rate and a slowing of HR. Conversely, muscar-
inic antagonists, commonly used in the treatment of SAN bradycardia,18

inactivate IKACh, resulting in an increase in HR.
Accordingly, in this study, we hypothesize that in addition to the already 

documented electrical remodelling of the SAN, functional changes in IKACh 
also contribute to increased SAN automaticity and elevated HR during 
pregnancy.

2. Methods
2.1 Animals
Non-pregnant (NP; 2–4 months) and P (17–18 gestation days) adult female 
CD-1 mice were purchased from Charles River (St-Constant, Québec, 
Canada). All mice had access to sterilized food and water, and all 
cages were maintained under controlled conditions (12 h light/dark cycle, 
21 ± 1°C). All animal experiments were performed in agreement with the 
Canadian Council on Animal Care (CCAC) (Ottawa, Canada) and ap-
proved by the Montreal Heart Institute Animal Care Committee (protocol 
numbers: 2018-80-06 and 2021-80-02). All procedures performed were 
also conformed to the guidelines from Directive 2010/63/EU of the 
European Parliament on the protection of animals used for scientific 
purposes.
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2.2 Mouse SAN cell isolation
Mouse SAN cells were isolated using previously published protocols.6,7,11

Briefly, mice were anaesthetized with 2% isoflurane and killed by cervical 
dislocation. The heart was quickly removed and dissected in oxygenated 
HEPES-buffered Tyrode’s solution (4°C) containing (in mM) 140 NaCl, 
5.4 KCl, 1 MgCl2, 5 HEPES, 5.5 glucose, and 1 CaCl2, pH 7.4 with 
NaOH. Isolated SAN tissue was cut into four to five pieces and rinsed 
twice for 4 min in Ca2+-free Tyrode’s solution containing (in mM) 140 
NaCl, 5.4 KCl, 0.5 MgCl2, 5 HEPES, 50 taurine, 1.2 KH2PO4, pH 6.9 with 
NaOH [adjusted with 0.1% bovine serum albumin (BSA) and 5.5 mM glu-
cose]. SAN tissues were then transferred to the same Ca2+-free Tyrode’s 
solution supplemented with collagenase type II (236.8 U/mL, Worthington 
Biochemical Corporation, Lakewood, NJ, USA), elastase (1.9 U/mL, 
Worthington Biochemical Corporation), protease (1.4 U/mL, Sigma- 
Aldrich), and CaCl2 (100 μM) for 25–30 min at 35°C. To stop the digestion, 
SAN tissues were rinsed three times in Kraft-Brühe solution (in mM: 100 K+ 

glutamate, 10 K+ aspartate, 25 KCl, 10 KH2PO4, 4 MgSO4, 20 taurine, 4.5 cre-
atine, 20 glucose, 5 HEPES, and 0.1% BSA, pH 7.2 with KOH) for 4 min. SAN 
tissues were gently triturated with a Pasteur pipette for 2 min. SAN cells 
were stored at room temperature (RT, 22°C), and cellular electrophysiology 
experiments were performed up to 4–6 h following isolation.

2.3 Cellular electrophysiology
Freshly isolated SAN cells were placed in a recording chamber (∼200 μL) 
mounted on an inverted microscope and given 25 min to adhere to the 
bottom of the bath. Cells were then perfused for 5 min prior to recordings 
with HEPES-buffered Tyrode’s solution. Data acquisition was performed 
using Axopatch 200B patch-clamp amplifier and DigiData 1440A digitizer 
(Molecular Devices, Sunnyvale, CA, USA). Data were stored in a micro-
computer using pCLAMP 10.3 and pCLAMP 10.7 (Molecular Devices). 
Patch pipettes were pulled from borosilicate capillary glass (World 
Precision Instruments, Sarasota, FL, USA) and had a resistance of 3–6 
MΩ when filled with intracellular solutions (see below). All recordings 
were performed at 37°C.

2.3.1 Voltage-clamp recordings
IKACh was recorded using the whole-cell voltage-clamp technique. Pipettes 
were filled with an internal solution containing (in mM) 135 KCl, 8 NaCl, 2 
MgATP, 6.6 Na2phosphocreatine, 0.1 Na2GTP, 0.1 CaCl2, 10 HEPES, and 5 
EGTA; pH 7.2 was adjusted with KOH. A 500 ms voltage ramp protocol 
from +50 to −120 mV from a holding potential of −40 mV was imposed 
to the isolated SAN cells three times: (i) under baseline conditions, (ii) 
2–2.5 min after the addition of CCh (10 μM),19 and (iii) 5 min after wash-
out. IKACh was obtained by subtracting the current recorded with and with-
out CCh. For each condition, the ramp protocol was performed three 
times and the average recording was used for analysis. Voltage-clamp re-
cordings were low-pass filtered (1 kHz) and digitized (4 kHz). All current 
amplitudes were normalized to the cell capacitance and expressed as dens-
ities (pA/pF).

2.3.2 Current-clamp recordings
Spontaneous APs were recorded using the perforated patch-clamp tech-
nique (nystatin: 130 ng/mL) in current-clamp mode as previously de-
scribed.6,7,11 Pipettes were filled with an internal solution containing 
(in mM) 135 K+ aspartate, 6 NaCl, and 5 HEPES; pH 7.2 was adjusted 
with KOH. Spontaneous APs were recorded under baseline condition, 
after the addition of CCh (1 μM),20,21 and after washout. Analysis was per-
formed on stable spontaneous AP recordings of at least 10 s. The liquid 
junction potential was not corrected.

2.4 Surface ECGs
Surface electrocardiograms (ECGs) were performed as described previ-
ously.6,7 Mice were anaesthetized with 2% isoflurane. Body temperature 
was maintained at 37°C using a heating pad. Platinum electrodes 

positioned subcutaneously were connected to EasyMATRIX3 (EMKA 
Technologies, France). Surface ECGs were recorded in lead I configuration 
at a frequency of 2 kHz. After 5 min of continuous recording under base-
line conditions, the mice received an intravenous injection of atropine 
(0.5 mg/kg), a muscarinic antagonist, via the jugular vein or an intra- 
peritoneal injection of tertiapin-Q (TPQ; 5 mg/kg), a selective KACh chan-
nel blocker.22 Data were analysed using ECG auto (EMKA Technologies). 
RR intervals were calculated automatically by a blinded observer from 
signal-averaged ECG recordings.

2.5 HRV and BRV analysis
Heart rate variability (HRV) and beating rate variability (BRV) were as-
sessed using surface ECG recordings from anaesthetized mice and spon-
taneous APs from single SAN cells, respectively. HRV and BRV were 
measured using the square root of the mean of the sum of the squares 
of successive differences between normal RR intervals (RMSSD, in ms) 
and the standard deviation of normal RR interval duration (SDNN, in 
ms).23,24 RMSSD and SDNN were calculated using the following formulas:

RMSSD =
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(NNn − NNn+1)2

N



, 

SDNN =

������������������


(NNn − NN)
2

N − 1



.

2.6 Real-time quantitative PCR
SAN tissues were isolated from NP and P mice and frozen at −80°C until 
used. For each sample (n), three to four SANs were pooled together. Total 
RNA was isolated using Trizol (Ambion, Life Technologies), treated with 
DNase I, and then purified with NucleoSpin RNA XS kit (Machery- 
Nagel, Düren, Germany) according to the manufacturer’s instructions. 
The messenger RNA (mRNA) was measured using a NanoDrop 2000 
(Thermo Sientific). Complementary DNA (cDNA) was synthetized 
with High-capacity cDNA Reverse Transcription Kit (Applied Biosystems, 
Thermo Fisher Scientific) for 2 h at 37°C using the polymerase chain reac-
tion (PCR) machine PTC-100 Programmable Thermal Controller 
(MJ Research Inc.). The quantitative PCR (qPCR) reactions were per-
formed with SYBR Select Master Mix (Applied Biosystems) using the real- 
time PCR QuantStudio3 system (Applied Biosystems). The gene-specific 
primers used in this study are shown in Supplementary material online, 
Table S1. All primers were purchased from Integrated DNA 
Technologies (IDT, Coralville, IA, USA). Both amplification efficacy and 
gene specificity of the primers were previously validated. qPCR reactions 
were carried out using a two-step cycle: (i) 15 s at 95°C and (ii) 60 s at 
60°C repeated for 40 cycles. Quantitative measurements were performed 
in duplicate. mRNA expressions from NP and P mice were normalized to 
three housekeeping genes [hypoxanthine phosphoribosyltransferase 
(Hprt), succinate dehydrogenase subunit A (Sdha), and cyclophilin 
(Cyclo)]. Expression data were obtained using 2−ΔΔCt analysis.

2.7 Western blot
SAN protein isolation and western blot protocols were adapted from pre-
vious publications.19,25,26 SAN tissues were isolated from NP and P and 
frozen at −80°C until use. For each sample (n), three SAN were pooled 
together. SAN tissues were homogenized in a homemade ice-cold extrac-
tion buffer containing protease inhibitors (Roche Diagnostics). Triton 
X-100 (1% final concentration, Bio-Rad) was then added to the extraction 
buffer, and samples were agitated for 2 h at 4°C. After a 10-min centrifu-
gation at 10 000 g at 4°C, the supernatant containing the total protein frac-
tion was collected and stored at −80°C until use. Protein concentrations 
were assessed using Bradford (Bio-Rad) assay.

Total proteins were heated at 70°C for 90 s, and then 20 μg were 
loaded and separated on a 4–15% mini-PROTEAN TGX Stain-free precast 
gel (Bio-Rad, catalogue number: 4568084) (Kir3.1) or a 7.5% hand-cast 
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polyacrylamide gel (TGX Stain-Free FastCast Acrylamide Kit, Bio-Rad, 
catalogue number: 1610181) (Kir3.4 and M2R) at 4°C. Activation of the 
stain-free gel was performed using a ChemiDoc (Bio-Rad, UV light for 
45 s). Proteins were then transferred onto a nitrocellulose membrane at 
4°C for 90 min at 350 mA. Membrane was blocked at RT in a 
Tris-buffered saline Tween-20 solution (TBST) containing 1% (Kir3.1/ 
Kir3.4) or 5% (M2R) non-fat dry milk for 1 h and then incubated overnight 
at 4°C with primary antibody [anti-Kir3.1 (1:500, Alomone APC-005), 
anti-Kir3.4 (1:1000, Abcam ab219074), anti-M2R (1:500, Alomone 
AMR-002)]. After three washes of 10 min in TBST/5% non-fat dry milk 
at RT, membrane was incubated with a goat anti-rabbit (Kir3.1 and 
M2R) or anti-mouse (Kir3.4) horseradish peroxidase–conjugated second-
ary antibody (1:10 000) for 1 h. Finally, after three 10-min washes in TBST, 
the membrane was soaked for ∼1 min in Western Lightning Plus-ECL 
(PerkinElmer). Bands of interest were detected and visualized with a 
ChemiDoc. Using Image Lab software, Kir3.1, Kir3.4, and M2R expression 
was normalized to the total protein revealed by stain-free quantification.

2.8 Drugs
CCh and atropine were both purchased from Sigma-Aldrich (Milwaukee, 
WI, USA) and first dissolved in distilled water as a stock solution 
(10 mM). TPQ was purchased from Alomone (Jerusalem, Israel) and first 
dissolved in distilled water as a stock solution of 306 μM. To achieve their 
respective final concentration, stock solution of CCh was diluted in 
Tyrode’s solution, while stock solution of atropine and TPQ was diluted 
in saline (0.9% NaCl).

2.9 Statistical analysis
Results are reported as mean ± standard error of mean, where ‘n’ repre-
sents the number of cells and ‘N’ the number of mice. Unpaired Student 
t-test was used to compare cellular electrophysiology, gene/protein ex-
pression, and ECG data between two different groups. Paired Student 
t-test was used to compare the same animal/cell before and after drug ad-
ministration. Two-way analysis of variance (ANOVA) was used to com-
pare current-voltage (IV) curves between the two groups. Results were 
considered statistically significant when P < 0.05. All statistical analyses 
were performed with GraphPad Prism.

3. Results
3.1 IKACh current density is decreased in 
SAN cells from P mice
We first compared IKACh current density in SAN cells from NP and P mice 
to determine whether a reduction in IKACh density depolarizes the MDP of 
SAN AP, leading to accelerated cardiac automaticity during pregnancy. 
Whole-cell voltage-clamp techniques were used to record IKACh and 
CCh superfusion was applied to activate IKACh.

27 Supplementary material 
online, Figure S1 shows that maximal activation of IKACh was obtained 
with 10 μM of CCh. Currents recorded under control conditions were 
subtracted from those in the presence of CCh to obtain the CCh-sensitive 
current shown in Supplementary material online, Figure S2A, using a ramp 
protocol (left) and a voltage-step protocol (right). The data presented in 
Supplementary material online, Figure S2A and B first confirm that the 
ramp and step protocols can be used for these experiments. As both 
voltage protocols yield similar current–voltage (IV) relationships, the 
ramp protocol was used throughout the study for IKACh recording. 
Supplementary material online, Figure S2C shows that the increase in 
IKACh current after application of 10 μM of CCh returned to control values 
after CCh washout.

Using the voltage ramp protocol and the superfusion of 10 μM of CCh 
as described above, we then compared IKACh current density in SAN cells 
from NP and P mice. As shown in the representative current recordings in 
Figure 1A, IKACh was greatly reduced in P mice compared with NP mice. 
This is also illustrated in the mean IV curves, showing a much lower density 

of IKACh in SAN cells from P mice (Figure 1B). For instance, the bar graph in 
Figure 1C shows a 46% reduction in IKACh density at −55 mV, a voltage 
close to the MDP, where IKACh plays a critical role.

3.2 SAN expression of the 
acetylcholine-activated K+ channel is 
reduced during pregnancy
Next, to explain the lower density of IKACh in P mice, we used real-time 
qPCR to measure and compare the SAN mRNA level of genes involved 
in IKACh function in NP and P mice (Figure 2A). Specifically, we examined 
the genes underlying Kir3.1/GIRK1 (Kcnj3), Kir3.4/GIRK4 (Kcnj5), the mus-
carinic receptor M2R (Chrm2), the adenosine receptor A1R (Adora1), and 
the two regulators of G protein signalling 4 and 6 (Rgs4 and Rgs6), normally 
required for the attenuation of parasympathetic-dependent G protein sig-
nalling in the SAN (Figure 2B). Of these, only Kcnj3 was decreased by 26% in 
SAN during pregnancy. Western blot analysis revealed a corresponding de-
crease in Kir3.1 protein levels in the SAN during pregnancy (Figure 2C). 
There was a trend towards reduced Kir3.4 protein expression in the 
SANs of P mice, which was not statistically significant. M2R protein expres-
sion was reduced by ∼30% during pregnancy, although Chrm2 mRNA was 
not altered. Stain-free membranes used to normalize protein expression 
are available in Supplementary material online, Figure S3. Overall, these ex-
pression studies are consistent with the lower density of IKACh and demon-
strate that pregnancy results in a decrease in Kcnj3/Kir3.1 and M2R.

3.3 SAN APs are less sensitive to CCh during 
pregnancy
To gain insight on the functional effect of IKACh reduction in P mice, we next 
examined the impact of CCh on spontaneous APs of SAN cells in NP and P 
mice. Figure 3A shows typical spontaneous APs recorded before (left) and 
after (right) superfusion of 0.1 μM of CCh in a NP mouse. As illustrated, 
the AP rate was reduced in the presence of CCh, without hyperpolariza-
tion of the MDP, suggesting that IKACh was unaffected at low concentration 
of CCh. The data reported in Figure 3B confirmed that 0.1–0.5 μM of CCh 
had no effect on MDP. We have previously shown that the response of If to 
muscarinic stimulation was similar in SAN cells from NP and P mice.6 The 
decrease in AP rate observed in the present study is therefore likely due to 
the effects of CCh on other ionic conductances, such as ICaL and Ca2+ cycle 
mechanisms, also involved in the diastolic depolarization (DD) phase of the 
SAN AP.28 However, when cells were exposed to 1 μM of CCh, a concen-
tration shown to activate IKACh, a significant hyperpolarization of the MDP 
was observed (Figure 3B and C), which caused the AP to stop firing. 
However, once the CCh was removed, the SAN AP firing rate returned 
to normal. Importantly, when the same experiments were performed on 
P mice, CCh-induced MDP hyperpolarization was much weaker, consist-
ent with the lower IKACh density in pregnancy (Figure 3D).

3.4 HR response to atropine and TPQ is 
altered during pregnancy
The effects of atropine, a potent M2R antagonist, were then studied to de-
termine whether HR during pregnancy responded differently to muscarinic 
modulation. Figure 4A shows representative surface ECG traces comparing 
HR in NP and P mice before and after atropine administration (0.5 mg/kg). 
The bar graphs reported in Figure 4B show the mean data obtained for 
both groups during these experiments, with the right-hand panel showing 
the mean change in HR obtained by averaging the differences between in-
dividual mice before and after atropine administration. Atropine increased 
HR in NP mice by 14% (ΔHR: 66 ± 8 bpm) but had no significant effect on 
P mice.

Additional ECG recordings were obtained in the presence of TPQ 
(5 mg/kg), a selective blocker of KACh channels (Figure 4C). As shown in 
Figure 4D, the increase in HR produced by TPQ was much more pro-
nounced in NP mice (13%; ΔHR: 62 ± 8 bpm) than in P mice (2%; ΔHR: 
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12 ± 4 bpm). This reduced sensitivity of HR to atropine and TPQ during 
pregnancy is consistent with the lower density of IKACh.

3.5 HRV and SAN BRV are altered during 
pregnancy
Not only does IKACh play an essential role in controlling SAN pacemaker 
activity, but previous studies have also shown that a decrease in IKACh dens-
ity leads to a reduction in HRV.29–31 Therefore, in the next series of experi-
ments, HRV and BRV were measured to provide further evidence of the 
functional role of IKACh during pregnancy. First, we compared HRV be-
tween NP and P mice using surface ECG data obtained from anaesthetized 
mice. Consistent with our previous work, we found that RR intervals were 
reduced by 15% during pregnancy in mice (Figure 5A and B). In addition, 
RMSSD and SDNN, which were used to analyse HRV, were also reduced 
in P mice (Figure 5B), indicating lower fluctuations in HRV during pregnancy. 
It should be noted that a reduction in HRV has been associated with nega-
tive cardiovascular outcomes.32,33 Additionally, data reported in Figure 5C 
and E show that RMSSD was reduced in NP mice by 56 and 57% after at-
ropine and TPQ administration, respectively, whereas RMSSD in P mice 
was unaffected by either drug. Similar observations were observed in 
both groups for SDNN (Figure 5D and F ). Overall, these results support 
a role of IKACh in regulating HR changes during pregnancy.

Furthermore, the data reported in Figure 5C and E show that RMSSD 
was reduced in NP mice by 56 and 57% after administration of atropine 
and TPQ, respectively, whereas RMSSD in P mice was unaffected by either 
drug. Similar observations were made in both groups for RMSSD (Figure 5D 
and F ).

Similar results were also observed at cellular level when HRV analysis 
was complemented by a comparison of beat-to-beat variability between 
SAN cells from NP and P mice (Figure 5G and H ). As illustrated in 

Figure 5G and H, the firing rate of the spontaneous AP of the SAN cells 
was higher in P mice compared with NP mice, with a 15% reduction in 
inter-beat intervals, in line with their increased HR. This was associated 
with a lower RMSSD and SDNN (Figure 5H). Collectively, these results 
confirm that lower IKACh channel activity is associated with reduced 
HRV and alteration in HR modulation by the parasympathetic nervous sys-
tem during pregnancy.

3.6 Reduction of IKACh density is reversed 
after delivery
In women, the increase in HR associated with pregnancy is reversed within 
14 days of delivery.34 We have previously shown that the same phenom-
enon also occurs in mice, where HR returns to control values at early post-
partum (PP),7 i.e. 24–48 h after delivery. So, to determine whether the 
changes observed in IKACh follow the same pattern, PP mice were included 
in this study. The results summarized in Figure 6 compare IKACh current 
density in SAN cells from NP and PP mice. As shown by typical IKACh cur-
rent recordings (Figure 6A) and its mean IV curves (Figure 6B), IKACh current 
density was identical between the two groups (Figure 6B and C ). These data 
clearly indicate that the effect of pregnancy on IKACh is reversible shortly 
after delivery.

4. Discussion
4.1 Summary of main findings
This study describes the contribution of IKACh to the positive chronotropic 
effects of pregnancy. KACh is an inward rectifying potassium channel 
strongly expressed in the SAN and consists of Kir3.1 and Kir3.4 channel 
subunits, both of which are required to have a functional IKACh current. 

A

B C

Figure 1 Pregnancy decreases the density of the acetylcholine-activated K+ current (IKACh) in mouse SAN cells. (A) Typical IKACh recordings in NP and P mice 
obtained with the ramp protocol shown in inset. (B) Mean IV relationships show a significantly lower IKACh density in SAN cells from P mice compared with NP 
mice [NP (n = 14, N = 10) vs. P (n = 11, N = 5): *P < 0.05 from −115 to −85 mV and from −70 to +45 mV]. (C ) At −55 mV, mean IKACh density is decreased in 
P mice (3.1 ± 0.4 pA/pF) compared wth NP mice (5.7 ± 0.6 pA/pF, P = 0.0026). Two-way ANOVA was used.
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B

C

Figure 2 Kir3.1 and M2R expressions are decreased during pregnancy in mouse SAN tissue. (A) Mechanism of IKACh in SAN cell. When CCh binds the M2R, 
the Gβγ complex binds the heterotetrameric channel composed of both Kir3.1 and Kir3.4, which generates IKACh. RGS4 and RGS6, two regulators of G protein 
signalling in SAN tissue, are known to prevent the binding of Gβγ to the Kir channel and inhibit IKACh. The G protein of the adenosine a1 receptor (A1R) is also 
known to activate the channel composed of Kir3.1 and Kir3.4. TPQ is a selective KACh channel blocker. (B) qPCR data showing mRNA relative expression of 
Kcnj3 (Kir3.1/GIRK1; P = 0.037), Kcnj5 (Kir3.4/GIRK4; P = 0.493), Chrm2 (M2R; P = 0.262), Adora1 (A1R; P = 0.713), Rgs4 (RGS4; P = 0.193), and Rgs6 (RGS6; 
P = 0.110) from NP and P mice (N = 6/group). Only Kcnj3 is decreased in P mice compared with NP mice (NP: 1.00 ± 0.09; P: 0.74 ± 0.05). (C ) Western blot of 
Kir3.1 (left), Kir3.4 (middle), and M2R (right) protein in NP and P mice (N = 4/group). Densitometry analysis shows a reduction of Kir3.1 (NP: 1.00 ± 0.04; 
P: 0.86 ± 0.03, P = 0.024) and M2R (NP: 1.00 ± 0.08; P: 0.71 ± 0.05, P = 0.021) expression during pregnancy, although Kir3.4 is not statistically different be-
tween the two groups (NP: 1.00 ± 0.13; P: 0.61 ± 0.14, P = 0.094). Total protein content on stain-free was used to normalize protein signal (see Supplementary 
material online, Figure S3). Unpaired Student t-test was used in all figures unless specified otherwise.
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We first compared the expression and functional role of IKACh in SAN 
from NP and P mice. We found a significant decrease in IKACh density in 
SAN cells from P mice, associated with a decrease in Kcnj3/Kir3.1 and 
M2R expression. Using SAN AP recordings and surface ECG data, we 
then found altered responsiveness to muscarinic manipulation in P mice. 
Furthermore, the effect on HR observed with TPQ, a selective KACh 
blocker, confirms reduced IKACh function during pregnancy. Interestingly, 
changes in IKACh were reversible in PP mice, as was the pregnancy-induced 

increase in HR.7 Overall, these observations suggest that the reduction in 
IKACh also contributes to the increase in HR associated with pregnancy.

4.2 Relationship with previous findings
Although the incidence of cardiac arrhythmias is increasing during preg-
nancy,5 the underlying mechanisms remain largely unexplored. To our 
knowledge, our group is the only one to have studied the electrical 

A

B

C

D

Figure 3 The CCh sensitivity of SAN cells is reduced during pregnancy. (A) Typical recordings of spontaneous AP of SAN cells from NP mice in baseline 
condition and after application of 0.1 μM of CCh. (B) Bar graph shows that MDP is not altered by the application of 0.1–0.5 μM CCh (ΔMDP: −0.4 ± 0.9 mV; 
n = 6, N = 3) and is hyperpolarized after the application of 1 μM of CCh (ΔMDP: −10.5 ± 1.4 mV; n = 10, N = 6, P = 0.00014). (ΔMDP compared with re-
spective controls, NP vs. NP + 0.1–0.5 μM CCh, P = 0.708; NP vs. NP + 1 μM CCh, P = 0.00003, *paired Student t-test). (C ) Typical example of continuous 
recordings of spontaneous APs of SAN cells from NP mice under baseline conditions, in the presence of CCh (1 μM), and washout. (D) Application of CCh 
hyperpolarizes the MDP of spontaneous AP of both (left) NP (−55.8 ± 1.4 mV, +CCh: −66.3 ± 1.4 mV; n = 10, N = 6, P = 0.00003) and (middle) P (−56.8 ±  
1.1 mV, +CCh: −60.9 ± 0.6 mV; n = 11, N = 4, P = 0.0019) mice. Paired Student t-test was used. (right) Bar graph shows the ΔMDP of NP and P SAN cells. The 
MDP is significantly less sensitive to CCh during pregnancy (ΔMDP: NP: −10.5 ± 1.4 mV, P: −4.1 ± 1.0 mV; P = 0.0012).
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Figure 4 Pregnancy modifies the HR response to parasympathetic antagonist atropine. (A) Typical ECG recordings in NP (upper panel) and P (lower panel) 
mice before (baseline, left) and after (right) intravenous injection of atropine solution (0.5 mg/kg). (B) Atropine (left) increased HR of NP mice (461 ± 17 bpm, 
+Atropine: 527 ± 10 bpm, N = 8, P < 0.0001), (middle) whereas atropine has no effect on HR of P mice (535 ± 12 bpm, +atropine: 540 ± 11 bpm, N = 9, 
P = 0.145). Paired Student t-test was used. (right) Bar graph reports the ΔHR of NP and P mice after atropine administration. HR is significantly more respon-
sive to atropine in NP compared with P mice (ΔHR: NP: 66 ± 8 bpm; P: 5 ± 3 bpm, P < 0.0001). (C ) Typical ECG recordings in NP (upper panel) and P (lower 
panel) mice before (baseline, left) and after (right) intra-peritoneal injection of TPQ (5 mg/kg). (D) (left) TPQ increased HR in NP mice (475 ± 18 bpm, +TPQ: 
537 ± 25 bpm, N = 7, P = 0.0003) and, to a much lesser extent, HR in P mice (593 ± 11 bpm, +TPQ: 605 ± 12 bpm, N = 6, P = 0.024). Paired Student t-test was 
used. (right) The bar graph shows the ΔHR of NP and P mice after TPQ administration. HR is significantly more sensitive to TPQ in NP than in P mice (ΔHR: NP: 
62 ± 8 bpm; P: 12 ± 4 bpm, P = 0.0003).
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Figure 5 HRV and BRV are both reduced in pregnancy. (A) Typical surface ECG recordings in anaesthetized NP and P mice. In vivo, pregnancy reduces 
(B) (left) RR intervals (NP: 128 ± 2 ms, N = 45; P: 110 ± 1 ms, N = 43, P < 0.00001), (middle) RMSSD (NP: 2.76 ± 0.25 ms; P: 2.06 ± 0.16 ms, P = 0.0186), and 
(right) SDNN (NP: 2.54 ± 0.21 ms; P: 1.67 ± 0.13 ms, P = 0.00066). (C, D) Atropine (left) decreased RMSSD (2.73 ± 0.48 ms, +atropine: 1.21 ± 0.18 ms, 
P = 0.023) and SDNN (2.53 ± 0.47 ms, +atropine: 1.28 ± 0.21 ms, P = 0.033) in NP mice (N = 8) but (right) has no effect on RMSSD (1.88 ± 0.27 ms, +atropine: 
1.91 ± 0.29 ms, P = 0.818) nor SDNN (1.50 ± 0.20 ms, +atropine: 1.41 ± 0.19 ms, P = 0.571) in P mice (N = 9). Paired Student t-test was used. (E, F) TPQ (left) 
decreased RMSSD (2.70 ± 0.51 ms, +TPQ: 1.17 ± 0.44 ms, P = 0.0014) and SDNN (2.15 ± 0.34 ms, +TPQ: 0.94 ± 0.25 ms, P = 0.0027) in NP mice 
(N = 7) but (right) has no effect on RMSSD (1.66 ± 0.30 ms, +TPQ: 1.36 ± 0.14 ms, P = 0.392) nor SDNN (1.46 ± 0.18 ms, +TPQ: 1.35 ± 0.11 ms, P = 0.694) 
in P mice (N = 6). Paired Student t-test was used. (G) Typical spontaneous AP recordings of SAN cells from NP and P mice. (H ) At cellular level, there is a decrease 
in (left) inter-beat intervals (NP: 212 ± 10 ms, n = 17, N = 10; P: 182 ± 6 ms, n = 12, N = 10, P = 0.020), (middle) RMSSD (NP: 20.5 ± 1.9 ms; P: 14.3 ± 1.0 ms, 
P = 0.0071), and (right) SDNN (NP: 16.0 ± 1.3 ms; P: 11.9 ± 0.9 ms, P = 0.020).
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remodelling of the SAN during pregnancy using a murine model of preg-
nancy. Thus far, we have identified some of the mechanisms contributing 
to the positive chronotropic effects of pregnancy. Our initial study showed 
that P mice reproduce the increased HR observed in human pregnancy.6

We also found that pregnancy induces an important up-regulation of the 
pacemaker current If in mouse SAN and contributes to faster automati-
city.6 We then confirmed that, like women, P mice not only have a higher 
HR but are also more vulnerable to supraventricular tachyarrhythmias.7

We also reported that, in addition to changes in If current, other mechan-
isms were involved. Specifically, we demonstrated a major role for changes 
in calcium homoeostasis.7 We also reported that HR in P mice returns to 
control values soon after delivery.7 This rapid reversal of the electrophysio-
logical and calcium homoeostasis changes to baseline levels argues for a 
hormonal effect on ion channels during pregnancy. Based on these obser-
vations, we then provided strong evidence showing that 17β-oestradiol, at 
levels found in late pregnancy, recapitulated the increased HR and acceler-
ated SAN automaticity observed in pregnancy by regulation of If through 
the oestrogen receptor α.11

In this study, we wanted to test whether a reduction in IKACh could also 
contribute to the elevated HR associated with pregnancy. In the SAN, 
IKACh plays an important role in HR as it is known to have a negative 
chronotropic effect on the regulation of the cardiac pacemaking activ-
ity.10 Indeed, this repolarizing current predominates around the DD of 
the SAN AP and its activation hyperpolarizes the MDP, slowing down 
the DD rate and consequently HR.14,30 Here, we showed that SAN 
from P mice exhibited a reduced Kir3.1 and M2R protein expression, 
and IKACh density, decreasing the responsiveness of the SAN following 
cholinergic stimulation and reducing its impact on the MDP. This could 
contribute to the pregnancy-induced accelerated HR. Consistent with 
our findings, previous studies have reported similar results using a 
Kir3.4 knockout mouse model. The absence of functional IKACh impaired 

the muscarinic response of the SAN, resulting in increased HR.29,30

Furthermore, it has also been shown in humans that a gain of function 
of Kir3.4 causes sinus node dysfunction, due to increased IKACh density 
and hyperpolarization of the SAN AP.35 Taken together, the results of 
these previous reports and those of the present study strongly support 
an important role for IKACh in the mechanisms of SAN automaticity 
and arrhythmia.22,36

IKACh and HRV are closely related. Indeed, HRV can be regulated by the 
autonomic nervous system, as well as the intrinsic SAN activity. Since IKACh 

is activated by acetylcholine, a parasympathetic neurotransmitter, and its 
channel is an integral part of the SAN, BRV and HRV were measured on 
spontaneous AP and surface ECG recordings, respectively. Here, we 
showed that pregnancy is associated with a lower HRV in mice, at both cel-
lular level and in vivo. These results are in line with clinical findings, as P wo-
men also show a reduction in HRV.37 A high HRV generally corresponds to 
good cardiac health32 and indicates that the HR can adjust and recover 
from a stress and/or a stimulation.23 Conversely, a low HRV is predictive 
of negative cardiovascular outcomes, as the beat-to-beat variation of the 
HR is less adaptable.23 Thus, the lower HRV observed in pregnancy can af-
fect cardiac adaptation and lead to maternal complications,38 including su-
praventricular arrhythmias39 observed in both P women and mice. Analysis 
of BRV in isolated SAN myocytes is valuable because it allows us to deter-
mine that changes in HRV are due, at least in part, to intrinsic changes in 
SAN function. Explicitly, our study highlights an association between 
changes in HRV and IKACh during pregnancy. In further support of a rela-
tionship between IKACh and HRV, previous studies have shown that altera-
tions in key proteins involved in IKACh activation, such as ion channel 
α-subunits and their regulators, also affect HRV. For example, Wickman 
et al.29 showed reduced HRV in a Kir3.4 knockout mouse model. 
Similarly, another group reported that loss of Rgs6, which negatively regu-
lated IKACh in SAN, increased HRV.31 In agreement with these studies, we 

A

B C

Figure 6 Reduction of IKACh density is reversed following delivery. (A) Typical example of IKACh recordings obtained in NP and PP mice. Inset shows ramp 
protocol. (B) Mean IV curves show nearly identical current of IKACh density in SAN cells from NP (n = 14, N = 10) and PP (n = 12, N = 6) mice (P > 0.05). 
(C ) Mean IKACh current at −55 mV is similar in both NP and PP mice (NP: 5.7 ± 0.6 pA/pF; PP: 5.6 ± 0.5 pA/pF; P = 0.8639). Two-way ANOVA was used.
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found that reduced Kir3.1 mRNA and protein expression in SAN was as-
sociated with lower HRV during pregnancy.

The changes in IKACh were fully reversible shortly after delivery, which is 
consistent with our previous data showing that HR in P mice also returns 
to control values in early PP.7 The IKACh data are also consistent with our 
previous work where we identified other ionic mechanisms contributing to 
pregnancy-induced positive chronotropic effects6,7 that also rapidly return 
to baseline levels in PP mice.7 Equally important, the same phenomenon is 
also observed in women, where HR has been shown to return to pre- 
pregnancy values within 2 weeks after delivery.2,34 This further underlines 
the dynamic nature of the SAN, which must be highly adaptable to meet 
the increased physiological demands of pregnancy.1,40

In this and previous studies, our group has explored the electrical re-
modelling of the SAN responsible for accelerated HR in pregnancy.6,7,11,12

Although necessary to meet the increased physiological demand associated 
with pregnancy, this elevated HR may lead to supraventricular arrhyth-
mias.8 It is worth mentioning that our results were obtained in young, 
healthy female mice undergoing their first gestation. It is therefore highly 
conceivable that the SAN would respond differently to gestation at a later 
age, in the presence of maternal complications, or during subsequent preg-
nancies. These conditions could lead to poor adaptation of the SAN and 
further increase the risk of pregnancy-induced arrhythmias.

4.3 Limitations
We demonstrated that the response to TPQ, a specific blocker of IKACh, 
was reduced in P mice, confirming the role of IKACh in pregnancy-induced 
increased HR. However, we did not provide cellular electrophysiological 

data to further differentiate whether Kir3.1 or Kir3.4 subunits are select-
ively affected. To achieve this, specific blockers for these subunits would 
be necessary. However, it is important to note that KACh is a heterotetra-
meric channel composed of both Kir3.1 and Kir3.4 subunits, and both are 
essential for its functional current. Consequently, reducing only one sub-
unit, here Kir3.1, would lead to a decreased IKACh current density. 
Additionally, our western blot data indicate that only Kir3.1 protein ex-
pression is significantly decreased in the SAN of P mice, reinforcing our 
conclusion that the observed effects are mediated by changes in Kir3.1 ra-
ther than Kir3.4. Although the study provides valuable insights into the in-
trinsic mechanisms affecting HR in P mice and highlights the reduced 
expression of Kir3.1 and M2R in the SAN as a contributing factor, it should 
be noted that no direct assessment of parasympathetic nerve activity in P 
mice has been conducted. It would be useful to explore this aspect in future 
studies, as they could provide further insights into the complexities of HR 
control during pregnancy.

5. Conclusion
In this study, we demonstrate that, in addition to the already documented 
electrical remodelling of the SAN,6,7,11,12 important functional changes in 
IKACh also contribute to increased SAN automaticity and elevated HR dur-
ing pregnancy. Ultimately, a better understanding of the mechanisms 
underlying SAN electrical remodelling during pregnancy could lead to 
improved management of pregnancy-related cardiac arrhythmias. This be-
comes all the more crucial as the incidence of cardiac arrhythmias is rising, 
partly due to increasing maternal age and age-related comorbidities.41

Translational perspective
Pregnant women have a higher incidence of cardiac arrhythmias. Pregnancy is also associated with elevated resting heart rate, a known risk factor for 
arrhythmias, suggesting an influence on sinoatrial node automaticity. As the incidence of pregnancy-related arrhythmias is now rising, understanding the 
underlying mechanisms is increasingly important. Using a pregnancy mouse model, we demonstrated that a reduction in the acetylcholine-activated 
potassium current, IKACh, in sinoatrial node plays a critical role in pregnancy-related accelerated heart rate. This work addresses an important topic in 
women’s health as it provides novel and functional insight into the mechanisms in pregnancy-induced cardiac arrhythmias.
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