
2009

In women, cardiovascular function is strongly influenced by 
pregnancy and undergoes significant changes such as altera-

tions in cardiac electrical function and higher vulnerability to 
arrhythmias.1,2 During pregnancy, there is an increased risk 
of onset of new supraventricular tachycardia or exacerbation 
of preexisting arrhythmia, which may compromise the well-
being of the mother and the fetus.3–5 Furthermore, pregnancy 
is also associated with a higher resting heart rate (HR), which 
is a known risk factor for arrhythmias.4,6,7 This increase in HR 
suggests an influence of pregnancy on cardiac autonomic reg-
ulation and/or the automaticity of the heart.
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Changes in cardiac autonomic modulation play a central 
role in the adaptation of the cardiovascular system to various 
hemodynamic changes required for a normal pregnancy.8–10 
The heart is innervated by both the sympathetic and para-
sympathetic divisions of the autonomic nervous system. 

Stimulation of the sympathetic nerve fibers results in the 
release of norepinephrine that increases the automaticity of 
the sinoatrial node (SAN), the cardiac pacemaker. This is 
reflected on the ECG by a faster HR. In contrast, parasympa-
thetic stimulation by means of the vagus nerve releases acetyl-
choline and slows the pacemaker activity of the SAN.11

The automaticity of the SAN is responsible for initiating 
heart rhythm. The diastolic depolarization phase of the 
spontaneous action potential (AP) generated in SAN cells 
is a major determinant of cardiac automaticity. Multiple 
mechanisms are involved in the diastolic depolarization 
of SAN cells. These include a hyperpolarization-activated 
current (I

f
), T- and L-type calcium currents (I

CaT
, I

CaL
), 

the delayed rectifier K+ current (I
Kr

), Na+–Ca2+ exchanger 
current (I

NCX
), and spontaneous Ca2+ release from the 

sarcoplasmic reticulum.12–14 Whereas intracellular Ca2+ 
signaling is important in the generation of the late diastolic 
depolarization,15 I

f
 plays a crucial role in the early phase of the 

diastolic depolarization of SAN cells.15 In mouse SAN, the 
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hyperpolarization-activated cyclic nucleotide-gated (HCN) 
channel isoforms, HCN1, HCN2, and particularly HCN4, 
contribute to the native I

f
 current.16,17 Regulation of HCN by 

sympathetic and parasympathetic stimulation represents one 
of the main mechanisms by which the autonomic nervous 
system controls HR.18 A direct interaction of cAMP with an 
intracellular cyclic nucleotide binding domain is known to 
regulate the voltage dependence of HCN channels. Indeed, 
β-adrenergic agonists increase the levels of cAMP, which 
positively shifts the HCN voltage dependence. The positive 
shift in the I

f
 activation curve results in an increase in current 

density. In contrast, muscarinic stimulation decreases cAMP 
levels and has the opposite effect on I

f
 voltage dependence.19

Elevated HR can increase the susceptibility to arrhythmias; 
therefore, a better understanding of the mechanisms respon-
sible for the increased cardiac automaticity associated with 
pregnancy is clinically important. As mentioned above, sev-
eral mechanisms are involved in the automaticity of the heart. 
Because I

f
 initiates the first part of the diastolic depolariza-

tion, the present study focused on the regulation of this ionic 
current during pregnancy. We therefore hypothesized that the 
increased physiological demands during pregnancy may lead 
to changes in I

f
 channel expression or current density as well 

as I
f
 response to stimulation by the autonomic nervous system. 

In turn, these modifications could increase the automaticity of 
the SAN and, in part, explain the mechanisms of elevated HR 
associated with pregnancy. Accordingly, the objectives of the 
present study were (1) to investigate the effect of pregnancy 
on HR in mice under control conditions and in the absence of 
autonomic nervous tone, (2) to examine the effects of preg-
nancy on the automaticity of single SAN cells, and (3) to 
explore the mechanisms underlying the HR changes and how 
they relate to I

f
.

Material and Methods
Animals
All experiments were performed on adult female CD1 mice (2–3 
months old) obtained from Charles River (St-Constant, QC, Canada). 
Nonpregnant (NP) and late pregnant (P, 18–19 gestation days [gd]) 
mice were used. All experiments were performed in accordance 
with the guidelines of the Canadian Council on Animal Care and 
the Guide for the Care and Use of Laboratory Animals published 
by the US National Institutes of Health (NIH Publication No. 85-
23, revised 1996). Experiments were also approved by the Montreal 
Heart Institute Animal Care Committee (approval reference number 
2009-80-02).

Surface Electrocardiograms
Lead I surface ECGs were conducted in anaesthetized NP and P mice 
for 5 minutes at a rate of 2 kHz after baseline period. Additional 
surface ECG recordings were obtained on mice before and after in-
travenous (IV) injection of isoproterenol (0.1ng/g) through the right 
jugular vein.20 Further information is presented in the online-only 
Data Supplement.

Langendorff-Perfused Heart
Experiments were performed as previously described.21 After rapid 
excision, the heart was hung on a modified Langendorff apparatus 
and retrogradely perfused through the aorta. ECG recordings were 
obtained after an equilibration perfusion period; ECG parameters 
were calculated as explained in the online-only Data Supplement.

Hemodynamic Measurements
Mice were anaesthetized with isoflurane before a pressure catheter 
was inserted into the right carotid artery. Systolic, diastolic, and 
mean arterial blood pressures were measured by a Millar Mikro-Tip 
Catheter Transducer (model SPR-671, 2F, Millar Instruments), and 
data were analyzed with the program IOX, version 2.8.18 (EMKA 
Technologies).

Catecholamine and cAMP Measurements
Plasma epinephrine and norepinephrine levels were measured using 
the 2-cat (A-N) Research ELISA kit (Rocky Mountain Diagnostics) 
following the manufacturer’s instructions. SAN intracellular cAMP 
concentrations were measured using a LANCE cAMP 384 ELISA 
kit (PerkinElmer, Waltham, MA) following the manufacturer’s 
instructions.

Sinoatrial Cell Isolation
Mice were anaesthetized by inhalation of isoflurane and then eu-
thanized by cervical dislocation. The SAN cells were isolated us-
ing an adaptation of the protocol previously described by Mangoni 
et al.22 Briefly, SANs were dissected in normal HEPES-buffered 
Tyrode’s and digested by enzymatic dissociation. Cells were then 
obtained by trituration and kept in Kraft-Brühe (KB) solution until 
use. Isolated mouse SAN cells were identified as small spindle-type 
cells spontaneously beating in normal Tyrode’s solution.22 Details 
on the digestion protocol are presented in the online-only Data 
Supplement.

Electrophysiological Data

Current- and Voltage-Clamp Recordings
For I

f
 recordings, 1 mmol/L BaCl

2
 (Sigma) was added to the exter-

nal solution to block the inward rectifier K+ current, I
K1

. All record-
ings were carried out at 35±1oC. Pipette resistance was between 3 
to 5 MΩ. The I

f
 IV curve was obtained in whole-cell configuration, 

whereas the action potential and activation curves were obtained us-
ing perforated patch-clamp technique with nystatin (350 ng/mL). To 
account for differences in cell size, current amplitudes were normal-
ized to cell capacitance and expressed as densities (pA/pF). Solution 
composition and protocols are available in the online-only Data 
Supplement.

Current- and Voltage-Clamp Protocols and Data Analysis
Current-voltage relationships for the hyperpolarized current (I

f
) were 

constructed using records elicited by 2-s voltage steps from −120 to 
−20 mV in 10 mV increments from a holding potential of −30 mV at 
a frequency rate of 0.2 Hz. The density of I

f
 was measured at the end 

of the hyperpolarizing steps. Activation curves were obtained using 
a protocol in which 2-s voltage steps from −35 to −130 mV were ap-
plied from a holding potential of −35 mV, followed by a 1.5-s step at 
−90 mV and a 1-s step at +5 mV. To obtain voltage dependent steady-
state activation curves, tail currents were determined as the difference 
between the peak current and the steady-state current (tail current at 
−90 mV). Tail currents were normalized by the maximal tail current 
(Imax) and plotted against test voltage. The normalized plot of tail 
currents versus test voltages were fitted with a Boltzmann equation: 
I/Imax=1/(1+exp[V−V

1/2
]/k), where V is the test voltage, V

1/2
 is the 

midactivation voltage, and k is the slope factor.23,24

Real-Time RT-PCR
Total RNA extraction and real-time PCR (qPCR) for the HCN chan-
nels were conducted using previously published protocols,16,25 which 
are detailed in the online-only Data Supplement.
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Western Blot
Protein samples were extracted from 3 SANs of nonpregnant and 
pregnant mice. Protocols used for protein isolation and Western blot 
analysis are described in the online-only Data Supplement.

Statistical Analysis
All data are presented as mean±SEM. n refers to the number of ex-
periments, and N the number of mice. P<0.05 was considered sig-
nificantly different. Statistical analyses are detailed in the online-only 
Data Supplement.

Results
Surface ECG Parameters
To determine whether pregnancy in mice is associated 
with an increase in HR as seen in humans, lead I surface 
ECG data were obtained from anaesthetized nonpregnant 
and pregnant female mice under baseline conditions. ECG 
parameters were compared between both groups, and rep-
resentative examples are illustrated in Figure 1A. Pregnant 
mice exhibit a significantly higher resting HR compared 
with nonpregnant mice (NP, 470±27 beats per minute 
[bpm]; P, 531±14 bpm; P=0.03). HR was also assessed 

in pregnant mice at gd 12 to 13 to determine whether the 
increased HR observed in late pregnancy was present at an 
earlier stage of gestation. Interestingly, the HR was already 
increased in pregnant mice at gd 12 to 13 (514±15 bpm, 
N=9). These findings are consistent with reports in humans 
that show that the change in resting HR begins in early preg-
nancy.5,6,9,26,27 Mean data for the PR, QT, and QTc intervals 
are also summarized in Figure 1A. The PR interval was 
significantly shorter in pregnant mice without any change 
in P wave duration (data not shown). The QT interval was 
on average 10 ms shorter in pregnant mice; however, after 
adjustment for the difference in HR, this trend was no lon-
ger present as illustrated by the comparable QTc intervals 
measured in the 2 groups.

Arterial Blood Pressure
Using a Millar catheter we compared arterial blood pressure in 
anaesthetized nonpregnant and pregnant mice to confirm that 
the increase in HR associated with pregnancy was not second-
ary to a reduction in blood pressure. Results summarized in 
the Table show that systolic, diastolic, and mean arterial blood 
pressures were similar in both groups.

A

B

NP P

100 ms0.
1

 m
V

HR (bpm) PR (ms) QT (ms) QTc (ms)

NP 470 ±

± ±

± ±

±

±

± ± ± ±

±±±±

±

27 43.5 1.4 56.5 6.7 48.5 3.9

P 531 14* 34.8 0.7* 45.9 1.4 43.2 1.6

p-value 0.03 < 0.0001 0.06 0.14

100 ms0.
1 

m
V

HR (bpm) PR (ms) QT (ms) QTc (ms)

NP 327 16 44.3 1.8 98.2 6.7 71.5 4.5

P 385 18* 38.3 2.3* 80.9 7.6 62.4 4.3

p-value 0.02 < 0.0001 0.052 0.11

Langendorff-Perfused Heart

Surface ECG

NP P

Figure 1. Pregnancy is associated with increased 
heart rate (HR) and shortened pulse rate (PR) 
interval in surface ECG and Langendorff-perfused 
heart experiments. A, Typical examples of surface 
ECG traces from anaesthetized nonpregnant 
(NP) and pregnant (P) mice. The Table comparing 
mean data for HR, PR, QT, and QTc intervals 
in NP and P mice show that HR is significantly 
increased and PR interval shortened in P mice 
(NP, N=10; P, N=15). B, Representative epicardial 
ECG recordings from Langendorff-perfused hearts 
in NP and P mice. Table comparing mean ECG 
parameters reveals a faster HR and a shorter PR 
interval in P mice (NP, N=10; P, N=11).
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Stimulation by the Autonomic Nervous System

Catecholamine Levels
The contribution of the autonomic nervous system to the 
pregnancy-induced increase in HR was then explored. Data 
presented in the Table indicate that plasma concentrations of 
norepinephrine and epinephrine were not increased in preg-
nant mice.

ECG Parameters on Langendorff-Perfused Heart
Additional ECG recordings were performed on Langen-
dorff-perfused hearts isolated from nonpregnant and preg-
nant mice. As illustrated in Figure 1B, the HR measured 
in the Langendorff-perfused heart preparation was signifi-
cantly slower than that obtained with surface ECGs. The 
slower HR measured in the Langendorff-perfused heart 
preparation reflects the intrinsic HR and is explained by the 
absence of sympathetic stimulation. Similar to what was 
seen in the surface ECG studies, the HR measured in the 
Langendorff experiments was significantly faster in preg-
nant (385±18 bpm) compared with nonpregnant (327±16 
bpm, P=0.02) mice, indicating that the increased HR seen 
in pregnant mice was not attributable to alterations in the 
autonomic tone. The table in Figure 1B presents mean data 
for PR, QT, and QTc intervals obtained from both groups. 
The PR interval was also significantly shorter in pregnant 
mice, and this faster AV conduction time was still indepen-
dent of atrial conduction because the P wave duration was 
unaltered (data not shown). Similar to the surface ECG data, 
the shorter QT interval in pregnant mice was also explained 
by a faster HR, as there was no difference in QTc intervals 
between nonpregnant and pregnant mice. Results presented 
thus far indicate that HR is altered in pregnant mice and 
that this difference does not result from changes in blood 
pressure, circulating levels of catecholamines, or autonomic 
nervous tone but rather reflects a change intrinsic to the 
heart.

Influence of Pregnancy on the Spontaneous 
Automaticity of the SAN Cells
Accordingly, the next series of experiments were per-
formed to explore the cellular mechanism underlying the 
increased HR observed in pregnant mice. Spontaneous APs 
were recorded using freshly isolated single SAN cells from 
nonpregnant and pregnant mice. The morphology of the 
SAN cells was similar between both groups and had com-
parable cellular capacitance (NP, 30.2±1.5 pF, n=42; and P, 

29.4±1.1 pF, n=46; P=0.66). Figure 2A compares sponta-
neous APs and the corresponding first derivative of the AP 
(dV/dt) waveform recorded from SAN cells obtained from 
a nonpregnant and pregnant mouse. Detailed analysis of the 
AP parameters is summarized in Figure 2B. The frequency 
of spontaneous SAN AP was increased in cells from preg-
nant mice (330±12 bpm) compared with nonpregnant mice 
(292±13 bpm, P=0.047). Diastolic depolarization rate was 
increased in cells from pregnant mice. As also reported in 
Figure 2B, pregnancy was associated with a more positive 
AP threshold. On the other hand, the maximum diastolic 
potential, the maximal velocity of the AP upstroke (V

max
), 

the AP amplitude, the AP duration and the waveform of dV/
dt during AP repolarization were not affected by pregnancy.

Influence of Pregnancy on If Density and Its Voltage 
Dependence of Activation
Considering the importance of I

f
 for the initiation of the 

diastolic depolarization of the SAN, we then compared the 
density of I

f
 in SAN cells from nonpregnant and pregnant 

mice. Data reported in Figure 3A and 3B show that the 
density of I

f
 was significantly higher in the SAN cells of 

pregnant mice compared with nonpregnant mice from 
voltages of −40 to −120 mV (at −90 mV: NP, −15.2±1.0 
pA/pF; P, −28.6±2.9 pA/pF; P=0.0002). Of note, I

f
 was 

recorded in Tyrode’s solution containing BaCl
2
 to eliminate 

the inwardly rectifying K+ current, I
K1

 (see Methods). It is 
worth mentioning that only a very small Ba2+-sensitive K+ 
current was activated in SAN cells from nonpregnant mice 
(at −90 mV, −4.5±0.9 pA/pF, n=7). Furthermore, there was 
no influence of pregnancy on the density of I

K1
 (−4.8±1.0 

pA/pF, n=8; P=0.83) which is consistent with the absence 
of differences in the maximum diastolic potential of the 
spontaneous SAN AP. We then compared the voltage 
dependence of the I

f
 activation curve and found that neither 

the voltage at half-maximal activation (V
1/2

) (NP, −102.8±1.5 
mV; P, −103.6±1.5 mV; P=0.69) nor the slope factor (NP, 
10.2±0.4; P, 9.7±0.3; P=0.33) significantly differed between 
either group, suggesting that a change in the I

f
 activation 

kinetics cannot explain the increased density of I
f
.

If Response to Relaxin and SAN cAMP Levels Is 
Unchanged in Pregnancy
In the next series of experiments, we compared the voltage 
dependence of I

f
 activation in SAN cells from nonpregnant 

and pregnant mice in the presence of relaxin (80 nmol/L), 

Table. Arterial Blood Pressure and Catecholamine Levels in Nonpregnant and Pregnant Mice

Nonpregnant Pregnant P Value

Arterial blood pressure

 Systolic pressure, mm Hg 99.5±1.4 (8) 100.8±3.1 (7) 0.68

 Diastolic pressure, mm Hg 70.0±1.8 (8) 70.3±3.0 (7) 0.95

 Mean blood pressure, mm Hg 79.0±1.5 (8) 79.7±3.0 (7) 0.85

Plasma catecholamines

 Epinephrine level, ng/mL 2.0±0.5 (6) 2.8±0.8 (5) 0.37

 Norepinephrine level, ng/mL 9.8±1.0 (6) 10.8±1.3 (7) 0.55

Numbers in parenthesis represent numbers of mice.
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which has been reported to modulate other ionic currents by 
increasing intracellular cAMP.28 Data presented in Figure 4A 
and 4B show that relaxin shifted the activation curve to more 
depolarized potentials; however, the I

f
 voltage dependence of 

activation and the change (ΔV
1/2

= relaxin V
1/2

 – baseline V
1/2

) 
was similar between the 2 groups (NP, ΔV

1/2
 2.8±0.6 mV; P, 

ΔV
1/2

 2.3±0.3 mV; P=0.46). The effect of relaxin on the slope 
factor was also comparable (NP, Δ1.3±0.3 mV; P, Δ1.4±0.1 
mV; P=0.73). Thus, the data suggests that the basal cAMP 
level is not elevated in SAN from pregnant mice. These results 
are in agreement with the cAMP data reported in Figure 4C, 
where similar intracellular cAMP content was found in SANs 
 isolated from nonpregnant and pregnant mice. Together these 
findings indicate that the increased I

f
 density in SAN cells  

of pregnant mice cannot be explained by a positive shift in 
the I

f
 Voltage dependence because of higher intracellular 

cAMP levels.

The Sensitivity of If to Isoproterenol Is Blunted 
During Pregnancy
To determine whether the responses of I

f
 to β-adrenergic 

stimulation was modified by pregnancy, we measured the 
voltage dependence of the I

f
 activation curve in the presence of 

the β-adrenergic agonist, isoproterenol (100 nmol/L). We found 

that the maximal isoproterenol-induced shift to more positive 
voltages was attenuated in pregnancy (NP, ΔV

1/2
 4.8±0.6 mV; 

P, ΔV
1/2

 2.8±0.5 mV; P=0.02) (Figure 5A–5D). Isoproterenol 
did not affect the slope factor in nonpregnant mice, (Δ0.1±0.5 
mV; P=0.75), but the slope was slightly increased in SAN cells 
from pregnant mice (from 9.6±0.6 to 10.9±0.6 mV, Δ1.4±0.3 
mV; P=0.007), although this change did not reach statistical 
significance compared with the change (Δ0.1±0.5 mV) in 
nonpregnant mice (P=0.06, NP versus P). In addition, another 
set of surface ECG experiments was performed on nonpregnant 
and pregnant mice before and after IV injection of isoproterenol 
(Figure 5E). Consistent with a lower I

f
 isoproterenol-induced 

response, data presented in Figure 5F indicate that although 
isoproterenol significantly accelerated the heart rate in both 
groups, the increase was lower in pregnant (Δ72±15 bpm) 
compared with nonpregnant mice (Δ132±24 bpm).

If Response to Muscarinic Stimulation Is Unchanged 
During Pregnancy
We then examined the effect of pregnancy on the voltage 
dependence of the I

f
 activation curve after the application of 

acetylcholine (1 μmol/L). Figure 6 shows that the hyperpolar-
izing shift in I

f
 activation caused by acetylcholine was similar 

in nonpregnant and pregnant mice (NP, ΔV
1/2

 −1.3±0.4 mV; P, 
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Figure 2. Pacemaker activity of isolated 
SAN cells is increased in pregnant 
mice. A, Representative spontaneous 
action potentials (APs; top) and their 
first derivative (bottom) recorded using 
perforated patch-clamp configuration in 
sinoatrial node (SAN) cells isolated from 
nonpregnant (NP; left) and pregnant  
(P; right) mice. Arrows indicate diastolic 
depolarization, and the hatched line 
indicates 0 mV in this and subsequent 
figures. B, Measurements of the intrinsic 
cycle length (CL), diastolic depolarization 
rate (DDR), AP threshold (Eth), maximum 
diastolic potential (MDP), maximal 
velocity of AP upstroke (Vmax), AP 
amplitude (APA), and AP duration (APD) 
of SAN cell APs were made as shown by 
the dotted lines and arrows on the AP 
(left). Summary table of AP parameters 
from NP (n=17, N=9) and P mice  
(n=12, N=8).
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ΔV
1/2

 −1.7±0.3 mV; P=0.52). No change in slope was found in 
the presence of acetylcholine in either group (NP, Δ −0.1±0.3 
mV; P, Δ −0.1±0.2 mV; P=0.89).

Influence of Pregnancy on HCN Channel 
Expression
To further explore the mechanisms of the increased I

f
 cur-

rent density in pregnancy, we measured the mRNA levels 
of the 3 HCN channel isoforms expressed in mouse SAN 
(HCN1, HCN2, and HCN4) using qPCR analysis (Figure 
7A). Results of these experiments reveal that the transcript 
levels of the 3 HCN isoforms did not differ between non-
pregnant and pregnant animals. Additionally, we performed 
Western blot analysis to examine the protein expression 
of the HCN isoforms and found that although the protein 
level of HCN4 was not altered, the expression of HCN2 
was significantly increased in pregnancy (Figure 7B). Taken 
together with the electrophysiological data described above, 
these expression studies indicate that an increase in HCN2 

protein expression, with no change in the voltage depen-
dence of the I

f
 activation curve, contributes to the increased 

I
f
 density in pregnancy.

Discussion

Summary of Main Findings
In the present study, we provide the first mechanistic insight 
into the increase in HR associated with pregnancy. First, we 
show that in a mouse model of pregnancy the increased 
HR is not secondary to alterations in autonomic tone, 
arterial blood pressure, or circulating catecholamine levels. 
We then demonstrate that the higher HR in pregnancy is 
associated with accelerated automaticity of SAN cells, 
steeper diastolic depolarization rate, and enhanced 
density of I

f
, one of the major ionic currents modulating 

pacemaker activity of the heart. The increased I
f
 density 

could be explained by higher protein expression of HCN2 
channels with no change in the voltage dependence of the I

f
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activation curve. Together, these findings demonstrate that 
I

f
 upregulation is a major mechanism in the increase in HR 

during pregnancy.
Our mouse model of pregnancy reproduces the increased 

HR observed during pregnancy in humans. This effect is pres-
ent even in the absence of autonomic nervous system input, 
suggesting that the pregnancy-induced increase in HR reflects 
changes intrinsic to the heart. Similar explanations have 
also been proposed for the increased HR observed in preg-
nant women.9,29 In addition, clinical studies have shown that 
women have a higher resting HR than men,2,30–33 and this dif-
ference is preserved after autonomic blockade.34 Interestingly, 
the faster HR in pregnant mice is accompanied by a shorter 
PR interval with no change in P-wave duration. A shorter 
PR interval could be a direct consequence of the increased 
HR. However, because the SAN and AV node share similar 
ion channels, it is possible that the AV node also undergoes 
remodelling mechanisms similar to the SAN. However, fur-
ther studies will be required to assess the effects of pregnancy 
on AV node.

Elevated levels of cAMP lead to a positive shift in the 
I

f
 activation curve and hence increase its current density. 

However, this study rules against a cAMP-dependent 
regulation of I

f
 as a potential explanation for the enhanced 

I
f
 density in pregnancy. Indeed, there was no change in the 

voltage dependence of the I
f
 activation curve or cAMP levels 

in SAN cells from pregnant mice. Results obtained with 
relaxin also support this conclusion. As mentioned above, 
relaxin has been shown to rapidly elevate cAMP content in 
various tissues.28,35,36 Therefore, if SAN cells from pregnant 
mice had a higher basal cAMP level, addition of relaxin 
should only minimally increase cAMP content. This would 
result in a much smaller shift in the I

f
 activation curve. 

However, the similar response of I
f
 to relaxin obtained 

in both groups does not support this hypothesis. Thus, it 
appears that mechanisms independent of cAMP participate 
in the upregulation of I

f
 in the SAN during pregnancy.

In the present study, the higher density of I
f
 is associated 

with an increased protein expression of HCN2 channel iso-
form. Previous studies have shown that HCN4 is the most 
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highly expressed HCN isoform in mouse SAN whereas 
HCN2 and HCN1 are detected at moderate and low levels, 
respectively.37 HCN4 is considered to be the main compo-
nent of I

f
 in murine SAN; however, evidence also supports 

a functional role, although to a lesser extent, for HCN2.37 
Findings reported here show that HCN2 protein level is 
increased in SAN from pregnant mice suggesting that the 
contribution of this channel isoform to mouse SAN I

f
 would 

be enhanced during pregnancy. In support of this notion, 
the maximal isoproterenol-induced shift in the I

f
 activa-

tion curve was attenuated in pregnancy. This observation 
agrees with an increased expression of HCN2 because this 
channel isoform is known to have a lower cAMP sensitiv-
ity than HCN4.37 Considering that HCN2 channels have 
faster activation kinetics compared to HCN4, it is tempting 
to speculate that an increase in HCN2 channels is essential 

to support the elevated HR needed to compensate for the 
greater physiological demand associated with pregnancy. 
Indeed, exponential fits of the I

f
 activation trace at −60 mV 

reveal that the activation time constant was significantly 
reduced in pregnant mice (NP, 883±120 ms; P, 596±73 ms; 
P=0.04). This is consistent with an increase in the HCN2 
mole fraction in HCN heteromultimers of pregnant mice. 
As a result, a more rapid activation of the current near the 
diastolic potentials is observed. It is also worthwhile men-
tioning that the frequency of cells where I

f
 was not acti-

vated at −60 mV was much higher in the nonpregnant mice. 
Although we were able to detect HCN1 transcripts, this iso-
form was not detectable at the protein level in SAN isolated 
from either experimental groups. This could be attribut-
able to low sensitivity of the antibody used or reflect a low 
expression level of HCN1 in the mouse SAN as previously 
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reported,37 suggesting that this isoform may not make an 
important contribution to I

f
 in mouse SAN.

Besides the increased HCN2 expression, other factors 
could also contribute to the increase in I

f
 density. In fact, 

various factors are known to modulate I
f
 in SAN cells, 

such as auxiliary subunits and cytoskeletal proteins, which 
functionally interact with HCN channels.15,38,39 Interestingly, 
the expression of HCN1 and HCN2 was upregulated when 
these isoforms were coexpressed with MinK-related protein 
1 (MiRP1).38 Therefore, future studies are required to explore 
the contribution of these factors on the upregulation of I

f
 in 

pregnancy.
It is plausible that the increase in HR itself may lead to an 

upregulation of I
f
. Consistent with this idea, previous stud-

ies have shown that in response to HR acceleration, other 
cardiac ionic currents, such as L-type calcium currents (I

CaL
) 

and ATP-sensitive K+ current (I
KATP

), are also upregulated.40,41 
For instance, in human cardiac myocytes it has been reported 
that the density of I

CaL
 can be increased by high rates of cell 

stimulation. This increase was attributed to an incomplete 
inactivation of I

CaL
 at rapid pacing frequencies, which may 

also involve phosphorylation of Ca2+ channels. This process 
was thought to be crucial in the adaptation of the beating 
heart to stress and exercise.40 Pregnancy is also associated 
with accelerated HR as part of the adaptive response to 

the increased physiological requirements. Therefore, rate-
dependent upregulation of I

f
 may also be mediated by simi-

lar mechanisms where an initial increase in the frequency of 
activation of I

CaL
, as well as changes in I

CaL
 gating kinetics 

(eg, slowing of I
CaL

 decay), increases Ca2+ influx. The ele-
vated intracellular Ca2+ levels could then trigger intracellular 
events upregulating I

f
. In support of this hypothesis, a report 

in rat hippocampal CA1 cells showed that a Ca2+-dependent 
modulation of the hyperpolarization-activated current (I

h
, 

the neuronal equivalent of I
f
) controls the synchronized 

thalamocortical rhythms.42 Thus, a rise in intracellular Ca2+ 
may promote the I

f
-dependent pacemaker mechanisms and 

in addition modulate the Ca2+-dependent pacemaker process 
referred to as the Ca2+ clock, in which the rhythmic SR Ca2+ 
release plays a major role in the SAN automaticity. These 
functional interactions between the 2 pacemaker mechanisms 
may provide additional means to accelerate HR as part of the 
adaptation to pregnancy.

Hormonal changes that occur during pregnancy are likely 
to be involved in the increased automaticity of the heart 
during pregnancy.28,43,44 It is also noteworthy that sex-specific 
hormonal fluctuations increase the inducibility of arrhythmias, 
which has been correlated with gestation, menopause, and 
even changes in the menstrual cycles.26,45,46 In other cell 
types, pregnancy or sex steroid hormones have been shown 
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to regulate hyperpolarization-activated inward currents. For 
instance, during pregnancy, uterine smooth muscle cells also 
exhibit a hyperpolarization-activated inward current similar 
to I

f
 in SAN cells. This current is believed to contribute to 

the spontaneous automaticity and enhanced myometrial 
contractility that occurs near parturition.47 In the brain, I

h
 also 

plays a critical role in many rhythmic neurons. Specifically, 
17β-estradiol regulates the density of I

h
 in GnRH neurons. In 

these cells, rising levels of 17β-estradiol also increase mRNA 
expression of multiple ion channels, such as HCN, T-, and 
L-type Ca2+ channels, which increase the overall excitability 
of GnRH neurons.48 Additionally, ovariectomy was shown to 
reduce the number of action potentials in hippocampal CA1 
pyramidal neurons, supporting a role for female hormones on 
neuronal automaticity.49 Taken together, these data support 
the notion that hormonal changes occurring during pregnancy 
can contribute to the higher HCN2 channel expression and 
increased I

f
 density.

Upregulation of I
f
 is most likely not the only change 

associated with enhanced automaticity of the heart dur-
ing pregnancy. In fact, regulation of other ionic currents by 
pregnancy-related hormonal changes has been previously 
reported.28 It is therefore plausible that other mechanisms 
involved in the diastolic depolarization could also contribute 
to the steeper diastolic depolarization. Furthermore, the fact 
that the AP threshold was more positive in pregnant mice also 

suggests that additional mechanisms are involved in the AP 
remodelling of the SAN during pregnancy. Conceivably, alter-
ations in ionic mechanisms such as Ca2+ currents, Na+–Ca2+ 
exchanger, and spontaneous SR Ca2+ release could also con-
tribute to these changes. Interestingly, Elzwiei et al50 recently 
reported that the α1 isoform of the Na+–K+ pump expression 
and flux are reduced in pregnant rats. The consequences were 
an accumulation of Na+ which drove the Na+–Ca2+ exchanger 
into reverse mode, thereby increasing intracellular Ca2+. Thus, 
it is possible that a similar scenario occurs in the SAN where 
increases in intracellular Ca2+ cycling would act in concert 
with an enhanced I

f
 density to sustain the elevated HR during 

pregnancy. Future studies will be required to explore the con-
tribution of these ionic and Ca2+ mechanisms on the increased 
HR in pregnancy.

Conclusion
In conclusion, our data provide evidence that the accelerated 
heart rate in pregnant mice is associated with higher HCN2 
channel protein expression leading to increased I

f
 density and 

automaticity of SAN. Our results demonstrate novel and func-
tionally important ionic mechanisms, which contribute to the 
well-known pregnancy-induced increase in HR. Additional 
work will be directed toward examining how these changes in 
I

f
 may predispose the heart to initiation of arrhythmias during 

pregnancy.
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CLINICAL PERSPECTIVE
An increased incidence of cardiac arrhythmias is observed during pregnancy. This may have significant consequences on 
the well-being of the mother and the fetus. In fact, during pregnancy the heart rate significantly increases, thus raising the 
susceptibility to arrhythmias. This is particularly true in the third semester, when sinus tachycardia becomes very common. 
Indeed, >50% of pregnant women exhibit a form of arrhythmia and ectopic beats. The mechanisms for the increase in heart 
rate and subsequent arrhythmia risks have been largely unexplored. In the present study we used a mouse model of preg-
nancy to explore the positive chronotropic effect in pregnancy, and we report one of the main underlying ionic mechanisms 
responsible for heart rate increase. First, we show that our mouse model of pregnancy reproduces the increased heart rate 
observed in pregnancy in humans and importantly that this increase is intrinsic to the heart and not secondary to altera-
tions in autonomic tone, arterial blood pressure, or circulating catecholamine levels. We then demonstrate that pregnancy is 
associated with accelerated automaticity of the sinoatrial node cells through enhanced density of the funny current (I

f 
), 1 of 

the major ionic currents modulating pacemaker activity of the heart. Our results thus provide novel and functional insight 
into mechanisms of pregnancy-induced increase in heart rate. Additional work will be directed toward examining how these 
changes may initiate arrhythmias during pregnancy. As the number of pregnancies in women at an advanced maternal age—
with more comorbidity—continues to rise, this issue is becoming even more relevant.
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