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1  |   INTRODUCTION

There is a morning surge in sudden cardiac death,1,2 and 
several clinical studies have identified a time-of-day de-
pendency in cardiac arrhythmia.3-6 The underlying mech-
anisms linking chronobiology to cardiac arrhythmogenesis 

are poorly described. Biological rhythms with a wave-
length of approximately 24  hours allow the organism to 
adapt behaviour and physiology in anticipation of an active 
phase or a sleep phase. Biological clocks maintaining such 
rhythms have been identified in all investigated mammalian 
species and in all cell types of the human body, including 

Received: 14 May 2021  |  Revised: 11 June 2021  |  Accepted: 25 June 2021

DOI: 10.1111/apha.13707  

R E G U L A R  P A P E R

Prolonged QT intervals in mice with cardiomyocyte-specific 
deficiency of the molecular clock

Lisa A. Gottlieb1,2  |   Karin Larsen1  |   Ganesh V. Halade3  |   Martin E. Young4  |    
Morten B. Thomsen1

© 2021 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd

1Department of Biomedical Sciences, 
University of Copenhagen, Denmark
2Department of Experimental Cardiology, 
Amsterdam University Medical Center, 
locatie AMC, Amsterdam, the Netherlands
3Division of Cardiovascular Sciences, 
Department of Medicine, University of 
South Florida, Tampa, FL, USA
4Department of Medicine, University of 
Alabama at Birmingham, AL, USA

Correspondence
Morten B. Thomsen, Cardiac 
Electrophysiology Group, Department 
of Biomedical Sciences, University of 
Copenhagen, Blegdamsvej 3B, Panum 
12- 5- 36, DK-2200 Copenhagen N, Denmark.
Email: mbthom@sund.ku.dk

Funding information
Novo Nordisk Fonden, Grant/
Award Number: NNF18OC0032728; 
Carlsbergfondet, Grant/Award Number: 
CF15-0109; Michaelsen Fonden

Abstract
Aim: Cardiac arrhythmias and sudden deaths have diurnal rhythms in humans. The 
underlying mechanisms are unknown. Mice with cardiomyocyte-specific disruption 
of the molecular clock genes have lower heart rate than control. Because changes 
in the QT interval on the electrocardiogram is a clinically used marker of risk of ar-
rhythmias, we sought to test if the biological rhythms of QT intervals are dependent 
on heart rate and if this dependency is changed when the molecular clock is disrupted.
Methods: We implanted radio transmitters in male mice with cardiomyocyte-specific 
Bmal1 knockout (CBK) and in control mice and recorded 24-h ECGs under diurnal 
and circadian conditions. We obtained left ventricular monophasic action potentials 
during pacing in hearts ex vivo.
Results: Both RR and QT intervals were longer in conscious CBK than control mice 
(RR: 117 ± 7 vs 110 ± 9 ms, P < .05; and QT: 53 ± 4 vs 48 ± 2 ms, P < .05). The 
prolonged QT interval was independent of the slow heart rate in CBK mice. The QT 
interval exhibited diurnal and circadian rhythms in both CBK and control mice. The 
action potential duration was longer in CBK than in control mice, indicating slower 
repolarization. Action potential alternans occurred at lower pacing rate in hearts from 
CBK than control mice (12 ± 3 vs 16 ± 2 Hz, respectively, P < .05).
Conclusion: The bradycardic CBK mice have prolonged ventricular repolarization 
independent of the heart rate. Diurnal and circadian rhythms in repolarization are 
preserved in CBK mice and are not a consequence of the 24-h rhythm in heart rate. 
Arrhythmia vulnerability appears to be increased when the cardiac clock is disrupted.
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cardiomyocytes.7 The rhythm is circadian in the absence 
of temporal cues from the environment, whereas diurnal 
rhythms are present when the biological 24-h clocks are en-
trained by external Zeitgebers, eg, light/dark or food avail-
ability.7 The suprachiasmatic nucleus in the hypothalamus 
governs the synchronization of the peripheral clocks to the 
environmental time via endogenous cues,8 eg, body tem-
perature,9 glucocorticoid release10 or neuronal signalling to 
the target organ.11

The molecular clock is an autonomous cellular mecha-
nism that maintains a circadian rhythm in gene expression, 
even in the absence of synchronization cues from the supra-
chiasmatic nucleus. In the heart, 6-13% of all expressed genes 
are regulated by the molecular clock and have a circadian 
pattern of expression.12-14 One key element of the molecu-
lar clock is the transcription factor brain-muscle arnt-like 1 
(BMAL1; also known as aryl hydrocarbon receptor nuclear 
translocator-like 1 protein [ARNTL]). Its function has im-
portant implications for cardiac metabolism and contractil-
ity: Cardiomyocyte-specific Bmal1 knockout (CBK) in mice 
causes impaired ketone body metabolism, depressed glucose 
utilization, dilated cardiomyopathy, increased fibrosis and 
reduced cardiac pump function after 28 weeks of life.13,15,16

The cardiac molecular clock can be rendered non-
functional in mice by various means, and to our knowledge, 
they all produce bradycardia relative to wild-type con-
trols.17-20 Moreover, changing the 24-h period of the ambient 
light to 22.5 or 27 hours also slows heart rate significantly in 
mice but does not change the amplitude of the 24-h rhythm.21

The QT interval is dependent on heart rate in most spe-
cies, and in the mouse, it prolongs about 2  ms for every 
10 ms prolongation of the RR interval.22 We have previously 
described both diurnal and circadian rhythms in QT inter-
vals in wild-type control mice,22 but it is not known if the 
24-h rhythm in QT interval is dependent on the 24-h rhythm 
in heart rate. Because QT interval is an important clinical 
marker of ventricular repolarization and risk of arrhythmias, 
we wanted to test if the QT interval is changed in mice with 
disrupted cardiac molecular clock and to determine if this 
change is because of the relative bradycardia in these mice. 
We hypothesized that cardiac repolarization in CBK mice 
was prolonged independently of a slower heart rate. The per-
spective of such a finding is a contribution to the mechanistic 
understanding of the time-of-day dependent risk of fatal ven-
tricular arrhythmias.

2  |   RESULTS

Six-lead electrocardiograms (ECG) from 10-wk-old anaes-
thetized CBK and control mice were compared (Figure 1A). 
The morphology of the T wave is different in CBK mice: 

They have a more pronounced negative part after the QRS 
complex in lead I, II and aVL (Figure 1B). We found a trend 
towards slower heart rate in CBK mice, but QT intervals and 
QT intervals mathematically “corrected” to a heart rate of 
600 beats/min (QTc) were comparable (Figure 1C). The mean 
cardiac axis was similar in CBK and control mice (54 ± 14 
vs 59 ± 26°; P = .6). The ECG of the control mice is compa-
rable to that of age-matched control C57BL6 wild-type mice 
(data not shown).

2.1  |  Diurnal rhythms in RR and 
QT interval

We evaluated diurnal and circadian rhythms in cardiac repo-
larization using telemetric devices in CBK and control mice 
and recorded ECG and activity for five consecutive days. 
Both CBK and control mice show a peak in physical activity 
immediately after the onset of the dark phase (Figure 2A), 
and this peak is also observed during the circadian dark:dark 
(D:D) cycle (Figure  2B). Exemplary one-lead telemetric 
ECGs from conscious CBK and control mice are shown in 
Figure 3A. Figure 3B shows preserved diurnal (left) and cir-
cadian (right) rhythms in the RR and QT intervals in CBK 
mice. RR intervals are shortest, and thus heart rate is faster, 
during the active phase of the animals. The sinusoidal fits 
to these data sets show that conscious CBK mice have an 
overall slower heart rate and a small, but significant, pro-
longation of the QT interval relative to conscious control 
(Figure 3B and Table 1). The 24-hours averages of QT in-
tervals are longer in conscious mice (Table 1) compared to 
the QT interval of the anesthetized animals (Figure 1), de-
spite comparable RR intervals. Notwithstanding, it is clear 
that diurnal and circadian rhythms in RR and QT intervals 
are present in control mice and that they are preserved in 
mice with a non-functional myocardial molecular clock 
(Figure 3B).

T A B L E  1   Analysis of ECG from conscious mice during 24 h

CBK Control P value

n, mice 11 8 —

RR interval, ms 117 ± 7 110 ± 9 .041

PR interval, ms 38 ± 2 38 ± 1 .8

QRS interval, ms 10 ± 1 11 ± 1 .1

QT interval, ms 53 ± 4 48 ± 2 .003

QTc, ms 49 ± 4 46 ± 1 .017

Note: Mean ± standard deviation. P values from a Student's t test after test for 
normal distribution using Shapiro-Wilk's test. Heart-rate correction of the QT 
interval (QTc) according to Mitchell.44 Recordings made in the light:dark cycle 
is presented here.
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      |  3 of 11GOTTLIEB et al.

F I G U R E  1   A, Exemplary 6-lead ECG traces from a CBK and a control mouse measured under anaesthesia during their inactive phase 
(ZT = 3-5 h). Note the difference in T-wave morphology. B, ECG complexes on enlarged time and amplitude axes to illustrate how the end of the 
T wave was determined at the intercept between the isoelectric line and the tangent to the last part of the T wave. Downward arrows indicate the 
end of the T wave used for the measurement of QT interval. C, Heart rate, QT interval and heart-rate corrected QT intervals (QTc) in anesthetized 
CBK and control mice. The number of animals is noted and the error bars represents the mean ± standard deviation. P value based on a Student's 
t test
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2.2  |  Heart-rate variability

We determined time-domain parameters of heart rate variabil-
ity (HRV) over the 24-hours period in light:dark (L:D; Table 2). 
This analysis confirmed the relative bradycardia in CBK mice 
and showed comparable indices of HRV. Moreover, the size 
of the Poincaré plot of all beats was comparable in CBK and 
control mice (short- and long-axis SD; Table 2). The relative 
power was smaller in the low-frequency band and larger in 

the high-frequency band in CBK mice than in control mice, 
suggesting a higher parasympathetic tone in CBK mice, which 
also may explain the relative bradycardia in these mice.

2.3  |  Heart-rate correction of QT

The diurnal and circadian rhythms in QT intervals may sim-
ply be a function of the 24-h cycle in heart rate. Given the 
many shortcomings of QTc,22 we took an alternate approach 
to determine if the 24-h QT-RR relationship is causal. 
Given our continuous 24-h recordings, we had >500,000 
ECG complexes on file per mouse. We found the mean RR 
interval in each mouse and averaged all ECG complexes 
within a 1 ms range of this RR interval in the mouse each 
hour and measured the QT intervals (Figure 4A). There was 
a clear 24-hours rhythm of the QT interval in control mice, 
which was independent of the 24-hours RR rhythm and pre-
served in CBK mice. A similar analysis was performed in 
D:D, and comparable results were obtained (Table S1).

The longer QT intervals in CBK mice may be because 
of the relative bradycardia. The average RR interval in all 
the mice was 115±8ms (n  =  19), so we selected all ECG 
complexes with an RR interval between 114 and 116  ms 
(Figure 4B). The corresponding QT intervals showed statisti-
cally significant 24-hours rhythm (Figure 4B), and the average 
QT interval was longer in CBK mice (56.9 ± 0.2 ms in CBK 
vs 50.8 ± 0.2 ms in control mice, P < .001). Thus, there are 
diurnal and circadian rhythms in the QT interval independent 
of the 24-hours cycle in heart rate in CBK and control mice, 
and the bradycardia is not the underlying reason for QT pro-
longation in CBK mice.

F I G U R E  2   A, Diurnal rhythms in physical activity in CBK and control mice. Activity in the horizontal plane was measured in arbitrary units. 
ZT is Zeitgeber time, where ZT = 0 is the time cue, ie, lights on at 6 am. B, Circadian rhythms in physical activity in CBK and control mice. CT is 
circadian time, where CT = 0 indicates the extrapolated subjective onset of the day (ie, at 6 am, but the light remains off). P values <.05 indicate a 
statistical acknowledgement of a 24-h rhythm (n = 8 control mice and 11 CBK mice). Parameters from the cosinor fits are reported in Table S1

T A B L E  2   Heart-rate variability analysis of ECG from conscious 
mice during 24 h

CBK Control P value

n, mice 11 8 —

RR interval, ms 120 ± 8 108 ± 6 .003

SDRR, ms 22.4 ± 4.4 20.0 ± 2.6 .2

pRR6, % 22 ± 12 18 ± 7 .7

Short-axis SD, ms 8.0 ± 4.7 5.9 ± 2.2 .3

Long-axis SD, ms 30.4 ± 5.7 27.6 ± 3.7 .2

Low frequency, % 18.8 ± 6.6 27.1 ± 8.4 .028

High frequency, % 38.7 ± 18.7 19.2 ± 8.6 .014

Note: Mean ± standard deviation. All RR intervals of the 24-h period were used 
(range: 553,182-792,129 beats) for the time-series analysis. P values from an 
unpaired Student's t test. SDRR, standard deviation of the RR intervals. pRR6, 
percentage of successive RR interval differences longer than 6 ms. Short- and 
long-axis SD, standard deviation of all RR intervals projected on the short and 
long axes of the Poincaré plot, respectively. The Poincaré plot displays all RR 
intervals vs the next RR interval. The long axis is the line of identity (x = y) 
of the Poincaré plot, and the short axis is perpendicular to this line. Frequency 
analyses were made based on the recommendations from Thireau et al.45 
Analysis of recordings made in the light:dark cycle is presented here.
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2.4  |  Action-potential 
duration and alternans

Next, we evaluated intrinsic heart rate and repolarization du-
ration in isolated, spontaneously beating hearts. In this prepa-
ration, the parasympathetic system nor other neurohumoral 
factors influence the heart. Coronary flow was comparable 
in CBK and control hearts (not shown), and all hearts were 

in sinus rhythm. The intrinsic heart rate was comparable in 
hearts from CBK and control hearts (Figure  5A). Action 
potential duration (APD), here quantified to 50 and 90% 
repolarization (APD50 and APD90, respectively) were also 
similar in CBK and control hearts (Figure 5B). The hearts 
were paced at the right ventricle from 7 Hz (420 beats/min, 
143 ms interpulse interval) to the fastest possible frequency 
with 1:1 capture. APD90 shortened when pacing frequency 

F I G U R E  3   A, Five-second exemplary traces from telemetry recordings during the light phase from a control and a CBK mouse. B, Diurnal 
and circadian rhythms in RR and QT intervals in control and CBK mice. Diurnal rhythms were recorded in light:dark phase (L:D), whereas 
circadian rhythms were recorded in dark:dark phase (D:D). Data presented as mean ±standard deviation. P values <.05 indicate a statistical 
acknowledgement of a 24-h rhythm (n = 8 control mice and 11 CBK mice). The 24-h means of these parameters are given in Table 1. Parameters 
from the cosinor fits are reported in Table S1
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was increased in all hearts (Figure 5C). Moreover, APD was 
longer in hearts from CBK mice compared to hearts from 
control mice (P  =  .0029; Figure  5C). Linear regression to 
the restitution curves revealed comparable slopes but a higher 
intercept in CBK (data not shown). The action potential re-
polarization slope between 10 and 40 ms after the action po-
tential peak was significantly more flat in paced CBK hearts 
(Figure  5D). When progressively increasing pacing rates 
from 7  Hz, 5/10 control hearts and 4/9 CBK hearts devel-
oped action potential alternans (P = 1.0); however, alternans 
developed earlier, at a slower pacing frequency in CBK mice 
(11.5  ±  3 vs 16.0  ±  2  Hz, P  =  .04 [Mann-Whitney test]; 
Figure  5E). Figure  5F shows an exemplary trace of 32 ac-
tion potentials with overt alternans. Thus, CBK hearts have 

slower repolarization during pacing, and they are more vul-
nerable to alternans.

3  |   DISCUSSION

In the present study, we observed a prolongation in QT in-
terval independent of RR interval in conscious mice with 
cardiomyocyte-specific deficiency in the molecular clock 
that was associated with a longer action potential dura-
tion and increased vulnerability to ventricular alternans. 
Moreover, these mice had a slower heart rate that may be ex-
plained by increased activity of the parasympathetic system, 
as suggested by HRV analysis.

F I G U R E  4   A, ECG complexes were selected with an RR interval within 1 ms of the 24-h mean RR of the individual mouse (left panel). 
QT intervals were then determined each hour from these selected complexes only (right panel). The resulting 24-h rhythms in QT intervals are 
statistically significant (P < .05) in the absence of any 24-h rhythm in RR interval. B, ECG complexes were selected with an RR interval between 
114 and 116 ms, the overall mean RR interval of all mice (left panel). The QT intervals displayed 24-h rhythms in both CBK and control animals. 
Group sizes: 8 control mice and 11 CBK mice. Parameters from the cosinor fits are reported in Table S1
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3.1  |  Slow heart rate in CBK mice

Heart rate is determined by the cardiac sinus node and is 
orchestrated by the combined action of i) proteins involved 
in calcium cycling across sarcoplasmic reticulum and sarco-
lemma membranes, ii) ion channels and iii) the autonomic 
nervous system. There is a day-night difference in the ex-
pression of Hcn4 encoding the primary ion channel for pace-
making and a larger HCN4-governed depolarizing current 
in sinus-node cells acutely isolated from control mice at the 
beginning of the dark phase compared to the beginning of the 
light phase.23 This is very likely a key underlying mechanism 
of the 24-h variation in heart rate; however, the preservation 
of this 24-h cycle in CBK mice in the present study sug-
gests that other mechanisms compensate for HCN4 when the 
cardiac molecular clock is eliminated. Only when Bmal1 is 
eliminated in the entire mouse, the diurnal variation in heart 
rate is lost.19

A slower heart rate may also be secondary to an in-
creased sensitivity of the sinus node towards the tone of 

the parasympathetic nervous system. In the present study, 
we find increased power in the high-frequency band and 
reduced power in the low-frequency band in conscious 
CBK mice, suggesting that the CBK heart is indeed more 
sensitive to parasympathetic stimulation. Notwithstanding, 
significant doubt has been raised regarding the reliability 
of HRV analysis when making conclusions about the vagal 
tone, especially when rate changes.24,25 Swoap et al have 
shown an unchanged diurnal heart rate profile in muscarinic 
type 2 receptor knockout mice26; however, at heart rates 
in control and knockout animals significantly faster than 
in the present study. During isoflurane anaesthesia, heart 
rate was numerically slower in CBK mice (Figure 1B), but 
this did not reach statistical significance. The difference in 
heart rate completely disappears ex vivo when the heart is 
denervated (Figure 5A) lending support to the hypothesis 
of increased parasympathetic sensitivity in the CBK heart. 
Irrespective of the underlying mechanism(s), it is now well 
established by the present and other studies17,18,20,27 that 
conscious mice with disrupted cardiac molecular clocks 

F I G U R E  5   A, Intrinsic sinus rate is comparable in isolated, perfused hearts from CBK and control mice. B, Exemplary monophasic action 
potential showing measurements of action potential (AP) amplitude (AP ampl.); AP duration to 50% (APD50) and to 90% (APD90) repolarization; 
and the fitted slope to the linear phase of the repolarization between 10 and 40 ms after the AP upstroke. The bar graphs show APD50 and APD90 
during sinus rhythm. C, APD90 during ventricular pacing from 7 Hz (143 ms interpulse interval) to 16 Hz (63 ms interpulse interval). A mixed-
effect, repeated measures statistical model indicated an effect of pacing frequency (P < .0001) and genotype (*P = .029). D, Repolarizing slope 
relative to AP amplitude during 7 Hz pacing. E, Pacing frequency at which AP alternans develops, which occurred in only 5 control and 4 CBK 
hearts. Number of hearts noted in the bars, which represent the mean ± standard deviation. Asterisks (*) in panels D and E indicate a P value <.05 
based on a Student's t test. F, A representative example of pacing-induced alternans: 32 consecutive APs superimposed to show alternans on the 
latter half of the AP. Lower panel shows APD90 of the 32 APs, showing an alternans amplitude of 6-7 ms
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have slower heart rates in vivo, but the 24-hours rhythmic-
ity is preserved.

3.2  |  Longer repolarization in CBK mice

We report that QT intervals have a 24-h cycle in conscious 
control mice and that this is preserved when controlling for 
the 24-h cycle in heart rate. Moreover, we show QT in vivo 
and APD ex vivo are prolonged in CBK mice compared to 
control mice, and that this is not secondary to the relative 
bradycardia in CBK mice.

QT interval duration exhibit diurnal rhythms and heart-
rate ‘correction’ of QT intervals (QTc) imperfectly flattens 
the 24-h cycle.28 Similarly, mice have diurnal and circa-
dian rhythms in QT intervals (Figure  3 and reference29) 
and by selecting ECG complexes in a very limited range of 
RR intervals, we show a preserved 24-h QT cycle without 
the use of mathematical correction formulas (Figure  4). 
Moreover, there is a general prolongation of cardiac repo-
larization in vivo and ex vivo that is independent of heart 
rate. Cardiac repolarization quantified by the QT inter-
val is an intricate balance between depolarizing (Na+ and 
Ca2+) and repolarizing (K+) ionic currents. Any change 
in a current density will change repolarization and QT-
interval duration. Ion channels governing depolarization 
are comparable for humans and mice; however, because 
of the faster heart rate of the mouse, faster repolariza-
tion and shorter QT intervals are necessary. Kv11.1 and 
Kv7.1 are the ion channels active in human repolarization, 
whereas Kv1.4, Kv1.5, Kv2.1 and Kv4.2 are among the ion 
channels involved in the murine repolarization.30-32 Tong 
et al found 24-h rhythms in the expression of genes en-
coding Kv1.5, Kv2.1 and Kv4.2 in mice, which were lost 
upon the autonomic blockade.33 Schroder and colleagues 
confirmed the circadian expression of the gene coding for 
Kv4.2 and also found a 24-h cycle in mRNA for Kir2.1 and 
Nav1.5 in mice.18 The latter is an ion channel producing a 
depolarizing sodium current and could underlie a circadian 
variation in QRS duration, which we showed previously.22 
Circadian variation in a Kv4.2 accessory subunit, KChIP2, 
was suggested to underlie the 24-h cycle in QT intervals34; 
however, we were not able to reproduce this finding in 
KChIP2-deficient mice.22 Hearts from control mice have a 
circadian expression of KCNH2 encoding Kv11.1, an ion 
channel that opens late in the (human) action potential and 
contributes significantly to repolarization. Also, inducible 
CBK mice lose the circadian expression of KCNH2,29 rais-
ing the possibility that Kv11.1 may be physiologically rel-
evant in mice.

A diurnal rhythm in QT intervals is present in patients 
with a cardiac pacemaker, even when the pacemaker is 
programmed to a constant heart rate of 70  beats/min for 

24 hours.35 Contrary, when patients with a completely de-
nervated heart after cardiac transplant are studied, the 24-h 
cycle in QT intervals is absent.35 This corroborates our find-
ings in mice that the 24-hours QT cycle is independent of 
heart rate and supports the hypothesis that the autonomic 
nervous system is important for maintaining the 24-hours 
QT cycle.

Ex vivo, we find a prolonged action potential duration 
in CBK hearts when they are paced electrically to maintain 
constant heart rate (Figure  5C) and an increased vulnera-
bility to AP alternans when pacing frequency is increased 
(Figure 5E,F). This appears to be in conflict with a recent 
publication where isolated CBK hearts are reported to be 
protected against pacing-induced arrhythmias.20 There is a 
day-night difference in AP alternans susceptibility which is 
lost at ageing36 and sinus node arrhythmias and conduction 
block in inducible CBK mice18; however, this is unlikely a 
result of compromised repolarization, yet underscores the 
increased arrhythmia susceptibility when disrupting the 
cardiac clock.

3.3  |  Perspectives and limitations

These findings add to the large collection of chronobiological 
literature strongly suggesting that time of day is taken into 
account when designing and interpreting experimental and 
clinical studies, including electrophysiological testing and 
pharmacological interventions. The morning surge in sudden 
cardiac death1 and in ventricular extra beats6 may be related 
to the independent 24-h cycle in QT intervals, rather than a 
change in heart rate.

The present study only investigated male mice at a nar-
row age range of 9-11 weeks. QT intervals are longer in hu-
mans, in females and vary with the estrus cycle.37 It will be 
interesting to describe the superimposed effects of the 24-h 
circadian rhythm and murine 4-day estrus cycle on cardiac 
electrophysiology. Moreover, our method did not consider 
the presence of QT–RR hysteresis, in which acceleration and 
deceleration of the heart rate generate either longer or shorter 
QT intervals, respectively.38 We made the assumption that 
the mice had similar periods of increased activity (heart rate 
acceleration) and subsequent recovery (heart rate decelera-
tion) within each analyzed hour, thus generating a mean QT 
interval.

In conclusion, heart rate and QT intervals follow a 24-h 
cycle in control mice, and the diurnal variation in QT is inde-
pendent of the 24-h rhythm in heart rate. The diurnal varia-
tion in QT interval is preserved in CBK mice. Repolarization 
duration is prolonged in the bradycardic CBK mice in vivo 
and ex vivo, and this QT prolongation is not a consequence 
of the relative bradycardia. Arrhythmia vulnerability appears 
to be increased when the cardiac clock is disrupted.
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4  |   MATERIALS AND METHODS

4.1  |  Animals and ethical approvals

All experiments were carried out in accordance with the 
European Union legislation for the protection of animals used 
for scientific purposes (Directive 2010/63/EU). Experiments 
in Copenhagen were performed under license from The 
Ministry of Food, Agriculture and Fisheries, Denmark. The 
local Institutional Animal Care and Use Committees ap-
proved all experiments. The mice were based on crossing 
Bmal1flox/ flox mice (B6.129S4(Cg)-Arntltm1Weit/J, Jackson 
Laboratory, ME, USA) with heterozygote cardiac-specific 
alpha myosin-heavy chain-driven Cre recombinase transgenic 
mice, Cre+/− (B6N.FVB(B6)-Tg(Myh6-Cre)2182Mds/J, 
Jackson Laboratory, ME, USA). CBK mice were Cre+/−, 
whereas littermate control mice were Bmal1flox/flox and 
Cre−/−. Genotyping was performed in-house or commercially 
(GeneTyper, NY, USA). Only male mice at 9-11 weeks of 
age were used for these experiments. Mice were housed at 
constant 22°C in a 12-hours light/dark schedule (lights on at 
6 am; zeitgeber time (ZT) 0) and provided with food and tap 
water ad libitum.

4.2  |  Surface electrocardiograms

Six-lead surface ECG was measured for 10 minutes during 
full anaesthesia (2% isoflurane in O2) in 23 mice in the diur-
nal time-of-day interval ZT3-5h (inactive phase). Electrodes 
were placed subcutaneously in antebrachial and femoral re-
gions, and signals were recorded at 4 kHz. QT interval was 
measured in lead I (Figure 1). Body temperature was moni-
tored and kept at 36-37°C during all recordings. All mice 
received a telemetry implant after the ECG recording.

4.3  |  Telemetry

Under complete anaesthesia (2% isoflurane in O2), telemetric 
devices (ETA-F10, DataSciences International, MN, USA) 
were implanted subcutaneously on the back region between 
the scapulas as described previously.22,39 Body temperature 
was monitored and kept at 36-37°C during the entire proce-
dure. Subcutaneous carprofen (10  mg/kg) and a lidocaine-
bupivacaine mix (0.4  mg/kg and 1.0  mg/kg, respectively) 
were administered to all mice in the subcutaneous device 
pocket for post-operative analgesia.

Mice were left >1 week to fully recover from the surgery. 
We excluded 4 mice because of lead dislodgement and poor 
ECG quality. Hereafter, we recorded ECG (at 1  kHz) and 
movements of the mouse in the cage in the horizontal plane 
continuously for 5 days where the mice were conscious and 

freely roaming in their home cage. During the first 24 hours, 
mice were exposed to 12 hours light (6 am-6 pm) and 12 hours 
complete darkness (6 pm–6 am) in alignment with their pre-
vious exposure in the animal facilities. Next, the light was 
turned off for a total of 96 hours. The ambient light was re-
corded at 1 Hz simultaneously with the ECG recordings. The 
mice are considered to be in diurnal (L:D) rhythm for the first 
24 hours and in circadian (D:D) rhythm for the last 24 hours 
of the 96-hours dark period. Drifting of the circadian phase is 
observed after several weeks of constant darkness and is there-
fore not considered being present in the relatively short time 
interval of our studies.40 The implanted telemetric devices 
sent the ECG signal to a receiver (RPC-1) placed underneath 
the animal cage. The signals were converted by an analogue 
output adaptor and a data acquisition device (Option R08 
and PowerLab 8/30, respectively; ADInstruments, Dunedin, 
New Zealand) and recorded on a standard computer using 
LabChart (ADInstruments, Dunedin, New Zealand).

4.4  |  Isolated heart studies

Twenty-three male mice were killed at ZT 4-7, the hearts 
were quickly excised and the aorta retrogradely perfused 
with a modified Krebs-Henseleit solution (in mmol/L: 118 
NaCl, 4.7 KCl, 1.75 CaCl2, 1.2 KH2PO4, 1.2 Mg2SO4, 24.9 
NaHCO3, 11.0 glucose; 37°C; pH = 7.4). The solution was 
continuously equilibrated with a mixture of 5% CO2 and 95% 
O2. Perfusion pressure was set to 70-75 mmHg, and hearts 
with a resulting coronary flow of 0.7-4.0 mL/min and an in-
trinsic heart rate in sinus rhythm between 200 and 500 beats/
min were included in the study. Moreover, we analysed coro-
nary autoregulation by changing the perfusion pressure by 
20  mmHg.41 Only hearts that responded with a change in 
flow <0.75  mL/min were included in the study. Based on 
these criteria, four hearts were excluded from the study.

A single, monophasic action potential catheter was placed 
on the left mid-ventricular epicardium and adjusted so the 
recorded action potential amplitude was >8  mV at the be-
ginning of the study. A pacing catheter was placed on the 
epicardium of the right ventricle and current impulses (1 ms 
duration) were provided by an external, isolated stimulator 
(DS3, Digitimer, Welwyn Garden City, UK) controlled by 
the LabChart software. The excitation threshold was deter-
mined by gradually increasing current amplitude until cardiac 
capture. The pacing was delivered at twice the threshold for 
>1 minute at each frequency from lowest possible to 20 Hz.

4.5  |  Analysis

Activity and ECG were analysed using LabChart as previ-
ously described.22,42,43 Activity was measured in the two 
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mice groups to evaluate the timing of the active phase. QT 
intervals were mathematically corrected to a heart rate of 
600 beats/min (QTc = QT/(RR/100)½; all variables in mil-
liseconds) as proposed by Mitchell et al.44

Heart-rate variability (HRV) was analysed in the time do-
main from all RR intervals for 24 hours in L:D as suggested by 
Thireau et al.45 We calculated the mean RR interval, the stan-
dard deviation of the RR intervals (SDRR) and the percentage 
of successive RR interval differences longer than 6 ms (pRR6). 
Poincaré plots were made displaying all RR intervals vs the 
next RR interval,46 and the standard deviation of all RR inter-
vals projected on the short and long axes of the Poincaré plot 
were determined. The long axis is the line of identity (x = y) 
in the Poincaré plot, and the short axis is perpendicular to this 
line. The frequency-domain parameters of HRV were analyzed 
using 3 × 3-minutes epochs, as suggested by Thireau et al45 
at ZT = 3, 4 and 5 h which correspond to the inactive phase 
(cf. Figure 2). Frequency bands were 0.15-1.5 Hz for low fre-
quency (LF) and 1.5-5.0 Hz for high frequency (HF).

Duration of the monophasic action potentials from up-
stroke to 50 and 90% repolarization (APD50 and APD90, re-
spectively) was determined in LabChart during sinus rhythm 
and ventricular pacing. In addition, we determined the slope 
of the repolarization between 10 and 40 ms after the upstroke 
and report this relative to the action potential amplitude. 
The presence of action potential alternans was determined 
from visual inspection of APD90 plotted as a function of 
beat number. The slowest pacing frequency which produced 
action potential alternans was noted for each heart.

4.6  |  Statistical analysis

Data for all tables, Figures 1 and 5, were tested for normal dis-
tribution using Shapiro-Wilk's test and presented as mean ± 
standard deviation. When relevant, we display the individual 
data points of all biological replicates superimposed on bar 
graphs. In figures with 24 hours on the x-axis (Figures 2-4), we 
depict the mean value and standard deviation of the parameter 
for each hour. The regression fits in the figures are obtained 
from applying a cosine model47 to all 24-h data in the given 
group, obtaining the chronobiological rhythm parameters am-
plitude, mesor and acrophase. The period was set to 24 hours. 
The parameters obtained from the fit are reported in Table S1. 
We applied an F test to the fitted chronobiological parameters 
to test the presence of an overall diurnal or circadian rhythm 
in the electrophysiological parameters. We rejected the null 
hypothesis (amplitude is zero) when P < .05 and thereby ac-
cepting the presence of a rhythm. This P value is given in 
the figure panels. Statistical comparison of electrophysiologi-
cal parameters from CBK and control mice were done using 
Student's t tests or mixed-effect, repeated measures statistical 
model, as indicated in figure legends. Alternans inducibility 

was compared using a Mann-Whitney test. P values less than 
.05 are considered to be statistically significant.
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