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ABSTRACT 1 

Background: Heart rate follows a diurnal variation and slow heart rhythms occur primarily at night.  2 

Objective: The lower heart rate during sleep is assumed to be neural in origin but here we tested 3 

whether a day-night difference in intrinsic pacemaking is involved. 4 

Methods: In vivo and in vitro ECG recordings, vagotomy, transgenics, quantitative polymerase 5 

chain reaction, western blotting, immunohistochemistry, patch clamp, reporter bioluminescence 6 

recordings and chromatin immunoprecipitation were used. 7 

Results: The day-night difference in the average heart rate of mice was independent of 8 

fluctuations in average locomotor activity and persisted under pharmacological, surgical and 9 

transgenic interruption of autonomic input to the heart. Spontaneous beating rate of isolated (i.e. 10 

denervated) sinus node (SN) preparations exhibited a day-night rhythm concomitant with rhythmic 11 

mRNA expression of ion channels including HCN4. In vitro studies demonstrated 24 h rhythms in 12 

the human HCN4 promoter and the corresponding funny current. The day-night heart rate 13 

difference in mice was abolished by HCN block both in vivo and in the isolated SN. Rhythmic 14 

expression of canonical circadian clock factors, e.g. Bmal1 and Cry, were identified in the SN and 15 

disruption of the local clock (by cardiac-specific knockout of Bmal1) abolished the day-night 16 

difference in Hcn4 and intrinsic heart rate. Chromatin immunoprecipitation revealed specific 17 

BMAL1 binding sites on Hcn4, linking the local clock with intrinsic rate control. 18 

Conclusion: The circadian variation in heart rate involves SN local clock-dependent Hcn4 19 

rhythmicity. Data reveal a novel regulator of heart rate and mechanistic insight into bradycardia 20 

during sleep. 21 

 22 

Key words: Sinus node; Pacemaking; Circadian rhythm; Nocturnal bradycardia; Vagus nerve 23 
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INTRODUCTION 24 

In humans, the resting heart rate exhibits diurnal rhythms and is higher during the day when we 25 

are awake.1 The heart is therefore primed, anticipating the increase in demand during the awake 26 

period. Conversely, slow heart rhythms primarily occur at night during the sleep period.1 The same 27 

occurs in the nocturnal rodent, but in reverse.1 28 

For ~90 years, the day-night difference in heart rate in vivo in humans has been attributed 29 

to the autonomic nervous system2 and primarily high vagal tone during sleep.3 This is in large part 30 

based on heart rate variability (HRV) as a surrogate measure of autonomic tone.3 However, from 31 

biophysical analysis of HRV we have previously demonstrated an exponential-like relationship 32 

between HRV and heart rate, and changes in HRV observed in humans and animal models are 33 

mainly attributable to the accompanying changes in heart rate.4, 5 The involvement of the 34 

autonomic nervous system in the circadian rhythm in heart rate has also been previously tested in 35 

rodents by acute block of sympathetic and parasympathetic input to the heart. In spontaneously 36 

hypertensive rats, Oosting et al.6 demonstrated that the circadian rhythm of heart rate is unaffected 37 

by pharmacological block of the autonomic nervous system. Makino et al.7
 
reported that both 38 

sympathectomy and pharmacological block of the parasympathetic nervous system in rats 39 

diminishes but does not abolish the circadian variation in heart rate in rats. Knockout of the 40 

muscarinic M2 receptor or all three b-adrenergic receptors has little or no effect on the circadian 41 

rhythm in heart rate in mice.8, 9 Taken together, these data call into question the widely accepted 42 

notion that autonomic tone is the sole driver of the circadian variation in heart rate. Here we tested 43 

the hypothesis that an intrinsic day-night rhythm in the sinus node (SN), the primary pacemaker of 44 

the heart, is an important contributor. We have focused on the pacemaker channel, HCN4, as a 45 

“first port of call". 46 

METHODS 47 

Animal models and associated ethical approval, experimental methods and statistical comparisons 48 

are described in detail in the Supplemental Methods.  49 

RESULTS 50 

Circadian variation in heart rate is independent of locomotor activity and persists under 51 

autonomic blockade 52 
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ECG telemetry in mice showed an in vivo day-night difference in mean heart rate and other 53 

electrophysiological variables including the PR interval and QRS duration – in Figure 1A the mean 54 

heart rate and other variables are plotted against the zeitgeber time (ZT), in which ZT 0 is taken as 55 

the start of the lights-on period. Changes in the heart rate set by the SN were explored: the heart 56 

rate was highest at ZT ~13 and it varied by 76±4 beats/min over the course of 24 h (Figure 1A; 57 

Supplemental Table 1). The day-night differences during the 12 h light:12 h dark lighting regime 58 

(shown by the alternating light and dark shading in Figure 1A) were sustained when the mice were 59 

placed in constant darkness (shown by the continuous dark shading in Figure 1A).  60 

Mice are nocturnal and as expected lower physical (locomotor) activity was recorded from 61 

ZT 0 (lights-on) to ZT 12 (lights-off) compared to ZT 12 to ZT 0; this activity pattern continued in 62 

constant darkness (Figure 1A, bottom panel). Physical activity, if sufficiently intense and 63 

prolonged, is expected to influence the heart rate via the autonomic nervous system. Various 64 

methods were used to test whether the day-night difference in heart rate is an indirect result of the 65 

difference in physical activity (via the autonomic nervous system) or is an independent time-of-day 66 

effect. During 72 h of continuous recording in a normal light:dark cycle (Figure 1A), the heart rate 67 

and physical activity were averaged for each 5 min period for each animal. For ZT 0 – ZT 12 (day) 68 

and ZT 12- ZT 0 (night), the individual activity data were then binned into No Activity (0 arbitrary 69 

units, au) and High Activity (20-30 au) groups and the corresponding heart rate recorded. A mixed 70 

effects linear model showed that heart rate was significantly higher both at night (P=0.007) and 71 

when the mice were active (P<0.0001). However, the interaction between time and activity was not 72 

significant (P=0.27), which means that in this dataset the heart rate difference between night and 73 

day does not depend upon activity level. Comparisons were conducted between day and night at 74 

each of the activity levels using a 2-sided 5% test and applying a Sidak multiple comparison 75 

adjustment, and this revealed a significant difference (P=0.03) in the heart rate at night versus day 76 

in the No Activity group. Further details of these statistical tests are available in the Supplemental 77 

Results.  78 

Exposing nocturnal animals to light during their active phase suppresses their locomotor 79 

activity, a phenomenon referred to as negative masking.10, 11 Light pulses were used to separate 80 

the effects of time-of-day and physical activity. Figure 1B shows the heart rate and activity level in 81 
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conscious mice measured using telemetry before, during and after the light pulses (from Figure 1A, 82 

which shows the context of the selected data). In constant darkness, a 1 h light pulse from ZT 1 to 83 

ZT 2 was associated with a baseline level of physical activity and the heart rate was relatively low 84 

(Figure 1B). In contrast, a light pulse from ZT 13 to ZT 14 caused physical activity of the mice to 85 

fall to baseline values, whereas the heart rate remained relatively high (Figure 1B). Supplemental 86 

Figure 1 demonstrates no discernible relationship between heart rate and physical activity level 87 

before, during and after the light pulses or over 24 h. Therefore, in this experiment, the average 88 

heart rate of the nine mice was primarily influenced by the time-of-day rather than the average 89 

physical activity level. In vivo, the heart rate in the absence of physical activity was obtained by 90 

ECG recordings in anaesthetised mice at ZT 0 and ZT 12 - the heart rate was highest at ~ZT 12 91 

and increased by 54±14 beats/min from ZT 0 (Figure 1C; Supplemental Table 1). It is concluded 92 

that in this study the effect of activity on the circadian rhythm in heart rate is not discernible.  93 

Involvement of the autonomic nervous system in mediating the day-night variation in heart 94 

rate was tested by blocking cardiac muscarinic and b receptors (using 1 mg/kg atropine and 1 95 

mg/kg propranolol; see Supplemental Discussion for justification of doses) in anaesthetised mice. 96 

The day-night difference in heart rate persisted after complete pharmacological autonomic block, 97 

although it was reduced in amplitude (Figure 1C; Supplemental Table 1). This intrinsic day-night 98 

difference in SN pacemaking was further confirmed in the isolated, denervated SN dissected at ZT 99 

0 and ZT 12 (Figure 1D). The spontaneous SN beating rate remained higher at ZT 12 than ZT 0 – 100 

by 55±9 beats/min (Figure 1D; Supplemental Table 1).  Next, the role of the vagus in setting the 101 

diurnal variation in heart rate in vivo was studied by two loss-of-function approaches: the SN is 102 

predominantly innervated by the right vagus12 and its contribution to heart rate rhythmicity was 103 

assessed by unilateral right vagotomy in telemetrised rats. Figure 1E demonstrates that the day-104 

night difference in heart rate persisted on sectioning the right vagus. The influence of vagal 105 

signalling (downstream of the muscarinic receptor) on the day-night rhythm was then investigated 106 

in Girk4−/− mice with genetic ablation of the acetylcholine-activated K+ current (IK,ACh). Girk4-/- mice 107 

exhibited slightly increased basal heart rates in comparison to wild-type counterparts, which is a 108 

typical hallmark of this genetic strain.13 However, although IK,ACh is acknowledged to be a key 109 

mediator of the negative chronotropic effect of vagal stimulation on heart rate, loss of IK,ACh did not 110 
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perturb the circadian variation in heart rate in  Girk4−/− mice versus control animals (Figure 1F; 111 

Supplemental Table 1). 112 

Taken together, these findings demonstrate that the autonomic nervous system is not 113 

solely responsible for the day-night difference in heart rate in vivo. Intrinsic mechanisms underlying 114 

day-night rhythms were thus considered. 115 

Day-night difference in HCN4 channel expression 116 

Pacemaking is the result of the concerted action of ion channels and Ca2+-handling proteins 117 

comprising the membrane and Ca2+ clocks and mRNA for many of these molecules (and key 118 

regulatory transcription factors) was measured in the SN by quantitative polymerase chain reaction 119 

(qPCR). Some transcripts, for example the pacemaker channel Hcn4 (that carries the pacemaker 120 

current If), demonstrated a significant day-night difference (Figure 2A; Supplemental Table 2). With 121 

the exception of Ca2+/calmodulin-dependent protein kinase IId (Camk2d), a day-night rhythm was 122 

not detected in any of the principal components of the Ca2+ clock (Figure 2A; Supplemental Table 123 

2). 124 

We focused on Hcn4, because of its central role in pacemaking in the SN.14 Hcn4 mRNA 125 

was measured at four time points. JTK Cycle, a statistical software tool for analysing circadian 126 

rhythms15 shows that Hcn4 mRNA displays a robust circadian rhythm and is at a maximum at ~ZT 127 

20 (JTK Cycle, P=0.008; Figure 2B; Supplemental Table 3). To test whether this finding is 128 

associated with rhythmic Hcn4 promoter activity, the 780 bp core promoter region of human Hcn416 129 

was subcloned into a luciferase reporter construct (hHcn4-Luc). Transient transfection of this 130 

construct into C2C12 cells was followed by forskolin treatment to synchronise circadian clocks 131 

across cultured cells.17 As given in Figure 2C, real time bioluminescence recording (a measure of 132 

Hcn4 promoter activation) revealed a discernible circadian rhythm of hHcn4-Luc (JTK 133 

Cycle, P=1.21 x 10-14). Interestingly the phase of hHcn4-Luc in synchronised cultured cells was 134 

comparable to HCN4 mRNA expression in the mouse SN (Figure 2B), peaking at circadian time 135 

(CT) ~19.5 (CT 0 is the time of forskolin treatment). 136 

Expression of HCN4 protein in the SN at ZT 0, ZT 6 and ZT 12 was measured using 137 

western blot. A representative blot is shown in Figure 2D. HCN4 protein expression was 138 

normalised to total protein expression and is plotted versus time in Figure 3C – there was a 139 
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significant change at ZT 6 versus ZT 12. Supplemental Figure 2 shows examples of 140 

immunolabelling of HCN4 in tissue sections through the SN from wild-type mice culled at ZT 0 and 141 

ZT 12; the labelling was brighter, indicating higher expression, at ZT 12. This is confirmed by the 142 

mean data in Supplemental Figure 2. It is concluded that there is a circadian rhythm in HCN4 143 

protein as well as the Hcn4 transcript.  144 

Role of HCN4 remodelling in the day-night difference in pacemaking  145 

HCN4 is the primary channel underlying the funny current, If, and patch clamp experiments on 146 

isolated mouse sinus node cells were carried out to test whether there is a circadian rhythm in If. 147 

Figure 3A shows representative families of recordings of If from sinus node cells isolated from mice 148 

at ZT 0, ZT 6 and ZT 12. The density of If was reduced at ZT 6 compared to the earlier and later 149 

time points. Mean current density-voltage relationships from n=38, 31/38 and 24/27 cells (at ZT 0, 150 

ZT 6 and ZT12) are shown in Figure 3B – current density at ZT 6 was significantly reduced relative 151 

to that at ZT 12 at potentials ≤ -90 mV and ZT 0 at ≤ -105 mV. Current density at -120 mV is 152 

plotted against time in Figure 3D. Current density is calculated from current amplitude and cell 153 

capacitance and these measurements are plotted in Figure 3E,F. Cell capacitance did not vary 154 

with time, but current amplitude did, explaining the circadian rhythm in the density of If (Figure 3D-155 

F).  156 

To test whether rhythms in HCN4 and If contribute to the day-night difference in heart rate, 157 

HCN4 was blocked in vivo and in the isolated SN (efficacy and selectivity of blockers used is 158 

considered in the Supplemental Discussion). Telemetrised mice received an intraperitoneal 159 

injection of 6 mg/kg ivabradine to block HCN4 and thus If.18 Block of If decreased the heart rate as 160 

expected (Figure 4A,B) and the effect of ivabradine on heart rate was greater at ZT 12 than ZT 0 161 

(Figure 4A,B). Furthermore, as shown by the ECG recordings in Figure 4A and the summary data 162 

in Figure 4B, the presence of ivabradine abolished the day-night rhythm in heart rate in vivo. 163 

Analogous results were obtained in vitro by application of 2 mM Cs+ to the isolated SN.19 Once 164 

again, block of If by 2 mM Cs+ decreased beating rate as expected, but the Cs+ effect was greater 165 

at ZT 12 than ZT 0 (Figure 3C,D). In the presence of Cs+, the day-night difference in beating rate 166 

was abolished (Figure 3D). These results suggest that HCN4 and If participate in the circadian 167 

rhythm in the intrinsic heart rate as well as heart rate in vivo.  168 
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A peripheral circadian clock in the SN 169 

Circadian clocks are endogenous oscillators that generate transcriptional rhythms. In the ventricles 170 

there is an intrinsic circadian clock as well as a circadian rhythm in some ion channels.1 qPCR 171 

showed that many canonical circadian clock genes are also present in the SN and their expression 172 

varies in the expected manner from ZT 0 to ZT 12 (Figure 5A). Two key circadian clock transcripts, 173 

Bmal1 and Clock, were measured in the SN at four time points (BMAL1 and CLOCK form a 174 

heterodimer); Figure 5B shows that they demonstrated a robust daily rhythm and were at a 175 

maximum at ~ZT 0 (Supplemental Table 1).  This suggests that a functional intrinsic circadian 176 

clock is contained in the SN. This was subsequently confirmed by measuring the bioluminescence 177 

in the isolated SN of Per1::LUC mice carrying a luciferase gene reporting the activity of Per1, a key 178 

circadian clock component (Figure 5C). Per1-driven bioluminescence fluctuated in the expected 179 

circadian manner and this periodicity was lost in Cry1-/-Cry2-/- mice lacking a functional clock20 180 

(Figure 5C).  181 

Role of the SN circadian clock in setting the day-night difference in Hcn4 and intrinsic heart 182 

rate 183 

To investigate a possible link between the local circadian clock in the SN and the circadian rhythm 184 

in the intrinsic heart rate, experiments were conducted on cardiomyocyte-specific Bmal1 knockout 185 

mice. Knockout of Bmal1 is known to disrupt the circadian clock21 and previous studies have 186 

identified SN dysfunction on cardiomyocyte-specific Bmal1 deletion.e.g.22 Figure 6A confirms that, in 187 

these animals, Bmal1 was effectively knocked out in the SN. Figure 6B shows that this disrupted 188 

the circadian rhythm in the expression of Clock mRNA – evidence that the SN circadian clock had 189 

been disrupted as expected (Supplemental Table 4). The intrinsic heart rate was measured in the 190 

isolated SN; Bmal1 knockout mice presented with lower intrinsic heart rates versus wild-type mice 191 

and the normal day-night variation in intrinsic heart rate seen in wild-type mice was absent in 192 

Bmal1 knockout mice (Figure 6C; wild-type data from Figure 1D). Furthermore, whereas there was 193 

a circadian difference in the reduction of the intrinsic heart rate on block of If by Cs+ in wild-type 194 

mice (the effect of Cs+ was greater at ZT 12 than ZT 0), in Bmal1 knockout mice, once again, this 195 

pattern was lost (Figure 6D) – this suggests that there is a circadian variation in If, which is lost on 196 

disrupting the local circadian clock. Consistent with these observations, the ZT 0 to ZT 12 variation 197 
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in both Hcn4 transcript and HCN4 protein (determined by immunolabelling) in wild-type mice was 198 

lost in the Bmal1 knockout mice (Figure 6E,F and Supplemental Figure 2).  199 

These findings suggest that the SN circadian clock controls intrinsic pacemaker activity via 200 

Hcn4 transcriptional regulation. Mechanisms by which BMAL1 may regulate Hcn4 were therefore 201 

investigated in vitro. The CLOCK::BMAL1 heterodimer acts as a transcriptional enhancer by 202 

binding to E-box binding sites in the promoter, intron or exon of a gene.23 RVISTA was used to 203 

identify canonical E-box binding sites on Hcn4. Eight sites on Hcn4 and 20 kb of its 5¢ flanking 204 

region were identified (Figure 6G). In vitro ChIP was used to test whether BMAL1 specifically binds 205 

to these sites. ChIP enrichment for E-box binding sites D and G (within introns of the Hcn4 gene; 206 

Figure 6G) were identified (Figure 6H). These data reveal potential direct interactions between the 207 

local SN clock and Hcn4. 208 

DISCUSSION 209 

For the first time, we show that the diurnal rhythm in heart rate in rodents cannot be fully attributed 210 

to oscillations in autonomic tone and reveal a day-night variation in intrinsic SN pacemaker activity. 211 

We define time-of-day variation in the expression of key pacemaking ion channels and ascribe 212 

particular physiological relevance to rhythmic Hcn4 and associated If remodelling in setting the 213 

day-night variation in heart rate. Finally, we link, for the first time, SN pacemaking to an intrinsic 214 

circadian clock and propose a new role for BMAL1 as a transcriptional regulator of Hcn4. 215 

This study has shown that there is a day-night difference in intrinsic SN pacemaker activity. 216 

Day-night differences in HCN4 mRNA and protein and If (Figures 2 and 3) accompanied the day-217 

night variation in heart rate in vivo and intrinsic SN beating rate (Figure 1). Block of HCN4 and If by 218 

ivabradine in vivo and Cs+ in the isolated SN was more pronounced at ZT 12 and HCN4 block 219 

abolished the day-night difference in heart rate in vivo and ex vivo (Figure 4). Data consistent with 220 

the time-of-day dependence of HCN4 block have been obtained from patients: in patients with 221 

inappropriate sinus tachycardia or ischaemic heart disease and heart failure, ivabradine causes a 222 

large decrease in heart rate during the day and little decrease at night.24, 25 Nevertheless, If may 223 

not be the only mechanism involved: there was a day-night difference in Camk2d/CaMKIId 224 

expression and various K+ channels, particularly Kcnh2/ERG/Kv11.1 (Figure 2A). Further study is 225 

warranted on the relative importance of these alterations in controlling SN pacemaking. Please 226 
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refer to the Supplemental Discussion for detailed limitations of the study. 227 

This is the first report of a functioning circadian SN clock (Figure 5): key clock components 228 

were identified and many showed expected rhythms and phase relationships, e.g. Bmal1 was 229 

downregulated, but Cry2, Per1 and Per2 were upregulated at ZT 12 versus ZT 0 (Figure 5A). This 230 

study provides the first evidence that Hcn4 is under local clock control, as cardiac Bmal1 knockout 231 

suppressed transcript abundance and abolished the day-night rhythm in both message and protein 232 

levels (Figure 6E,F). Functional BMAL1-binding E-box sites on Hcn4 (Figure 6G,H) were identified 233 

and this is the first clue as to how the local clock exerts transcriptional control of pacemaking. Akin 234 

to the mouse, human Hcn4 also includes one E-box consensus site within 5 kb of the 5¢ flanking 235 

region and four sites within the first intron (Supplemental Figure 3). There is further discussion of 236 

the phasing of the circadian clock and Hcn4, HCN4 and If in the Supplemental Information.  237 

CONCLUSION 238 

In summary, this study has shown that a local clock driven day-night difference in intrinsic SN 239 

pacemaking contributes to the day-night difference in heart rate in vivo. Our findings provide new 240 

mechanistic insight into the fundamental question of why the heart rate of a mammal is lower when 241 

asleep and may explain the nocturnal occurrence of bradyarrhythmias in the human.  242 
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FIGURE LEGENDS 310 

Figure 1.  The day-night difference in average heart rate is independent of average physical 311 

activity and autonomic tone. A, Heart rate, PR interval, QRS duration, uncorrected QJ interval 312 

and physical activity (measured using telemetry) in conscious mice (n=9) over ~6 days. Light and 313 

shaded regions represent light and dark phases in this and all similar figures. Timing of 1 h light 314 

pulses shown. In this and all similar figures, data are fit with a standard sine wave (red). 315 

Means±SEM shown in this and all other figures (except in case of physical activity - means±SD 316 

shown). B, In vivo heart rate and physical activity measured by telemetry at the times shown 317 

during 24 h darkness (subjective day and night is shown) with the exception of a 1 h light pulse 318 

delivered towards the start of the day (left) or night (right). The dotted red lines highlight the heart 319 

rate and physical activity at the end of the day-time light pulse and the red arrows highlight the 320 

heart rate at the end of the night-time light pulse. From the same experiment as A. C, In vivo heart 321 

rate measured from anaesthetised mice at ZT 0 and ZT 12 (n=9/9 mice) before (Control) and after 322 

autonomic block by intraperitoneal injection of 1 mg/kg atropine and 1 mg/kg propranolol. D, 323 

Spontaneous beating rate of the SN isolated at ZT 0 and ZT 12 (n=8/6 mice).  E, In vivo heart rate 324 

at ZT 0 and ZT 12 measured by telemetry in vagotomised (n=7) rats at baseline (pre-surgery) and 325 

at 1, 3 and 7 days post-surgery. F, In vivo heart rate over 24 h measured in telemetrised wild-type 326 

control and Girk4-/- mice (n=21/23 mice). *P<0.05.  327 

 328 

Figure 2. Day-night rhythms in SN ion channel profile and Hcn4. A, Relative expression of 329 

transcripts in the SN at ZT 12 (versus ZT 0; n=7/9 mice). The vertical line corresponds to 1, i.e. no 330 

change. Values <1 correspond to a decrease at ZT 12 and >1 an increase. B, Expression of Hcn4 331 

mRNA (normalised to expression of Tbp and Ipo8) in the SN at four time points over 24 h 332 

(n=6/6/6/6). C, Representative Lumicycle data (in arbitrary units) showing human Hcn4 promoter 333 

activity over 24 h. D, Representative HCN4 western blot from the SN dissected at ZT 0, ZT 6 and 334 

ZT 12. A right atrial tissue sample (RA) is also shown as a negative control – as expected there is 335 

no HCN4 expression. Corresponding stain-free total protein gel used for quantification shown in 336 

lower panel. 337 

 338 
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Figure 3. Day-night rhythm in If. A, Families of recordings of If made from SN cells isolated at ZT 339 

0, ZT 6 and ZT 12. B, Current-voltage relationships for If recorded from sinus node cells isolated at 340 

ZT 0 (n=38 cells/4 mice), ZT 6 (n=38 cells/3 mice) and ZT 12 (n=27 cells/5 mice). C, HCN4 protein 341 

expression from western blot ZT 0 (n=10), ZT 6 (n=5) and ZT 12 (n=10). Data pooled from two sets 342 

of independent experiments and protein expression is normalised to that at ZT 0. D, Density of If at 343 

-120 mV at ZT 0 (n=38 cells/4 mice), ZT 6 (n=38 cells/3 mice) and ZT 12 (n=27 cells/5 mice). E, 344 

Amplitude of If at -120 mV at ZT 0, ZT 6 and ZT 12 (same data as D). F, Cell capacitance at ZT 0, 345 

ZT 6 and ZT 12 (same data as D). *P<0.05. 346 

 347 

Figure 4. Effect of HCN4 block on heart rate. A, Representative ECG recordings from 348 

telemetrised mice obtained at ZT 0 and ZT 12 at baseline and after the application of 6 mg/kg 349 

ivabradine. B, In vivo heart rate of wild-type mice measured at ZT 0 and ZT 12 before and after the 350 

administration of 6 mg/kg ivabradine (n=3/3). C, Representative extracellular potential recordings 351 

from the SN isolated at ZT 0 and ZT 12 at baseline and after the application of 2 mM Cs+. D, 352 

Intrinsic heart rate of the isolated SN at ZT 0 and ZT 12 before and after the application of 2 mM 353 

Cs+ (n=8/6/6/7). *P<0.05.  354 

 355 

Figure 5. An intrinsic circadian clock in the SN. A, Relative expression of transcripts encoding 356 

key circadian clock components in the SN at ZT 12 versus ZT 0. The vertical line corresponds to 1, 357 

i.e. no change. Values <1 correspond to a decrease at ZT 12 and >1 an increase (n=7/9 mice). B, 358 

Expression of Bmal1 and Clock mRNA in the SN at four time points over 24 h (n=6/6/7/8). C, 359 

Representative Per1 activity (reported by luciferase bioluminescence) in the isolated SN from 360 

Per1::LUC mice on a Cry1+/+Cry2+/+ or Cry1-/-Cry2-/- background. *P<0.05.  361 

 362 

Figure 6. BMAL1 modulates intrinsic heart rate and HCN4. A and B, Expression of Bmal1 (A) 363 

and Clock (B) at ZT 0 and ZT 12 in the SN of wild-type and Bmal1 knockout mice (n= 6/7/5/6). C, 364 

SN beating rate at ZT 0 and ZT 12 from wild-type (n=8/6) and Bmal1 knockout mice (n=3/3). D, 365 

Change in SN beating rate at ZT 0 and ZT 12 from wild-type (n=8/6) and Bmal1 knockout mice on 366 

application of 2 mM Cs+(n=3/3). E and F, Expression of Hcn4 mRNA (E; n= 6/7/5/6) and HCN4 367 
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protein (F; determined by immunohistochemistry; arbitrary units; n=56/42/38/46 sections from 368 

3/3/3/3 mice) in the SN of mice at ZT 0 and ZT 12. G, Diagram of Hcn4 gene with 20 kb of the 5¢ 369 

flanking region showing the position of eight potential E-box binding sites, A-H. H, Eight potential 370 

E-box binding sites pulled down on immunoprecipitation of His-tagged BMAL1 from Cos-1 cells 371 

transfected with His-tagged Bmal1. Data are normalised to immunoprecipitation from untransfected 372 

control cells; the red dashed line equals one and is the baseline level. *P<0.05 (binding site of 373 

interest versus binding site A; n=2 replicate experiments). 374 



 16 

ZT0 ZT12
400

450

500

be
at

s/
m

in

Isolated sinus node
*

ZT 22
ZT 23 ZT 0

ZT 1
ZT 2

ZT 3
ZT 4

0

5

10

15

20

A
ct

iv
ity

(m
ea

n 
co

un
t/h

)

ZT 10
ZT 11

ZT 12
ZT 13

ZT 14
ZT 15

ZT 16

400

450

500

550

600

650

H
ea

rt
 ra

te
 (b

ea
ts

/m
in

)

400

450

500

550

600

650

 H
ea

rt
 ra

te
 (b

ea
ts

/m
in

)

Light Dark Light Dark Light Dark !!

1 h light
pulses Night NightDay Day

lig
ht

pu
ls

e

lig
ht

pu
ls

e

32

34

36

38

40

 P
R

 in
te

rv
al

 (m
s)

8.5

9.0

9.5

10.0

10.5

Q
R

S 
du

ra
tio

n 
(m

s)

14

15

16

17

18

19

Q
J 

in
te

rv
al

 (m
s)

0
ZT12 ZT0 ZT12 ZT0 ZT12 ZT0 ZT12 ZT0 ZT12 ZT0 ZT12

0

5

10

15

20

Zeitgeber time (h) 

A
ct

iv
ity

(m
ea

n 
co

un
t/h

) Baseline 1 3 7
250

300

350

400

450

H
ea

rt
 ra

te
 (b

ea
ts

/m
in

)

Days post-vagotomy

ZT
0

ZT
0

ZT
0

ZT
0

ZT
12

ZT
12

ZT
12

ZT
12

*

NS

* *

400

450

500
H

ea
rt

 ra
te

 (b
ea

ts
/m

in
)

Control Autonomic
block

*

Anesthetised mouse

*

ZT12 ZT12ZT0 ZT0

C

E

0 6 12 18 24

510

540

570

600

630

660

690

720

ZT (h) 

H
ea

rt
 ra

te
 (b

ea
ts

/m
in

) Wild-type

0 6 12 18 24

510

540

570

600

630

660

690

720

ZT (h) 

H
ea

rt
 ra

te
 (b

ea
ts

/m
in

) Girk4-/-

A B

F

D

Figure 1 

 



 17 

Figure 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 18 

0 3 6 9 12
0.0

0.3

0.6

0.9

1.2

1.5

1.8

H
C

N
4 

pr
ot

ei
n 

(a
u)

*

0 3 6 9 12
0

20

40

60

80

I f 
(p

A
/p

F)

*

0 3 6 9 12

500

1000

1500

2000

2500

I f 
(p

A
)

*

0 3 6 9 12
0

10

20

30

40

ZT (h)

C
m

 (p
F)

-140 -120 -100 -80 -60 -40 -20 0

-100

-80

-60

-40

-20

0

mV

If  (pA
/pF)

ZT 0

ZT 6

ZT 12

*
*

A

B

C

E

D

F

-80

-60

-40

-20

0

I f 
(p

A
/p

F)

ZT0

-80

-60

-40

-20

0

I f 
(p

A
/p

F)

ZT6

-80

-60

-40

-20

0

I f 
(p

A
/p

F)

ZT12

5 s

Figure 3 



 19 

0

200

400

600

800

be
at

s/
m

in

Baseline Ivabradine

*

A

B

Baseline

Baseline

ZT 0

ZT 0 ZT 12

100 ms

ZT 12

2mM Cs+

Ivabradine

100 ms

200

300

400

500

be
at

s/
m

in

Baseline 2mM Cs+

*

C

D

ZT 0
ZT 12

ZT 0
ZT 12

Figure 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 20 

0 6 12 18 24
0.0

0.5

1.0

B
m
al
1 

m
R

N
A

ZT (h)

0.1 1 10 100

Tef
Hlf
Dbp

Timeless
RoRa
Nr1d2
Nr1d1
Per3
Per2
Per1
Lhx1

Csnk1e
Cry2
Cry1
Clock
Bmal2
Bmal1

Bhlhe41
Bhlhe40
Aridi1a

mRNA (ZT12/ZT0)

*

*
*

*

*

*

*

*

*

*
*

Circadian-clock
regulated 

transcription factors

Clock genes

*

0 6 12 18 24
0

5

10

15

ZT (h) 
C
lo
ck

 m
R

N
A

A B

C

0 24 48 72
-5000

-2500

0

2500

5000

Time (h) 

R
el

at
iv

e
bi

ol
um

in
es

ce
nc

e Cry1+/+Cry2+/+

Cry1-/-Cry2-/-

 
Figure 5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 21 

A B C D E F G H
0

2

4

6

8

E-
bo

x:
B

M
A

L1

E-box binding site

*
*

HCN4
A B C D E F G H

5 kb

0.0

0.5

1.0

m
R

N
A

Wild-
type

Bmal1 KO

* *ZT0
0

5

10

15

m
R

N
A

Wild-
type

Bmal1 KO

*

ZT0 ZT0ZT12 ZT12
0

10

20

30

40

50

m
R

N
A

Wild-
type

Bmal1 KO

*

ZT0 ZT0ZT12 ZT12

A B C

-120 -100 -80 -60 -40 -20 0

-35

-30

-25

-20

-15

-10

-5

0

mV

If  (pA
/pF)

Bmal1 KO

Wild-type

Bmal1 KO

Wild-type

ZT2

ZT2

ZT12

ZT12

0

50

100

150

200

250

I f 
(%

)

Wild-
type

Bmal1 KO

*

ZT2 ZT2ZT12 ZT12

D E

GF

20
 p

A
/p

F

2 s

ZT2

ZT12

Hcn4
H

5’ flanking region 
intron

exon

ClockBmal1 Hcn4

0.0

0.5

1.0

m
R

N
A

Wild-type Bmal1 KO

*

Bmal1

200

300

400

500

be
at

s/
m

in

Wild-type Bmal1 KO

Baseline
*

0

10

20

30

40

50

Δ
ra

te
be

at
s/

m
in

Wild-type Bmal1 KO

2 mM Cs+

*

0

5

10

15

m
R

N
A

Wild-
type

Bmal1 KO

*

Clock

0

10

20

30

40

50

m
R

N
A

Wild-type Bmal1 KO

*

Hcn4

A B

C D

E

A B C D E F G H
0

2

4

6

8

E-
bo

x:
B

M
A

L1

E-box binding site

*
*

H

G

F

ZT 0 ZT 12

1500

2000

2500

Pr
ot

ei
n

Wild-type Bmal1 KO

*
HCN4

Figure 6 
 
 
 



 1 

SUPPLEMENTAL INFORMATION 
Circadian clock in the sinus node mediates day-night rhythms in Hcn4 and heart rate 

Alicia D’Souza1§; Yanwen Wang1; Cali Anderson1; Annalisa Bucchi2; Mirko Barsucotti2; 
Servé Olieslagers3; Pietro Mesirca4,5; Anne Berit Johnsen6; Svetlana Mastitskaya7; Haibo Ni8;  

Yu Zhang1; Nicholas Black1; Charlotte Cox1; Sven Wegner1; Beatriz Bano-Otalora1; Cheryl Petit1; 
Eleanor Gill1; Sunil Jit Logantha1,9; Halina Dobrzynski1,10; Nick Ashton1; George Hart1; Rai Zhang11 

Henggui Zhang8; Elizabeth J Cartwright1; Ulrik Wisloff6; Matteo E. Mangoni4,5;  
Paula Da Costa Martins3; Hugh D. Piggins12; Dario DiFrancesco2,13; Mark R. Boyett14  

 

1Division of Cardiovascular Sciences, University of Manchester, UK. 2Department of Biosciences, 
University of Milan, Italy. 3Faculty of Health, Medicine and Life Science, Maastricht University, 
Netherlands. 4Institut de Génomique Fonctionnelle, Université de Montpellier, CNRS, INSERM, 
Montpellier, France. 5LabEx Ion Channels Science and Therapeutics (ICST), France. 6Department 
of Circulation and Medical Imaging, Norwegian University of Science and Technology, Norway. 
7Neuroscience, Physiology and Pharmacology, University College London, UK. 8School of Physics 
and Astronomy, University of Manchester, UK. 9Liverpool Centre for Cardiovascular Science and 
Department of Cardiovascular and Metabolic Medicine, University of Liverpool, UK. 10Department 
of Anatomy, Jagiellonian University Medical College, Poland. 11School of Civil, Aerospace and 
Mechanical Engineering, University of Bristol, UK. 12School of Physiology, Pharmacology & 
Neuroscience, University of Bristol, UK. 13IBF-CNR, Italy. 14Department of Biomedical Sciences, 
Faculty of Health and Medical Sciences, University of Copenhagen, Denmark 
 

Abbreviations 
Hcn4: hyperpolarisation-activated cyclic nucleotide-gated channel 4 gene and transcript 
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HRV: heart rate variability 
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IK,ACh: acetylcholine (ACh)-activated K+ current   
qPCR: quantitative polymerase chain reaction 
SN: sinus node 
ZT: zeitgeber time 
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SUPPLEMENTAL METHODS 

Ethical approval 
In Norway, the telemetry study was approved by the Norwegian Council for Animal Research, in 
accordance with the Guide for the Care and Use of Laboratory Animals from the European 
Commission Directive 86/609/EEC. Ethical approval for vagotomy in rats was granted by 
University College London and the experimental procedures were in accordance with the UK 
Animals (Scientific Procedures) Act 1986. Ethical approval for telemetry in Girk4-/- mice was 
approved by the Ethical committee of the University of Montpellier and the French Ministry of 
Agriculture (protocol n°: 2017010310594939). All remaining procedures were approved by the 
University of Manchester, in accordance with the UK Animals (Scientific Procedures) Act 1986. 
Mice were sacrificed by cervical dislocation and rats were sacrificed by overdose with 
pentobarbital. 
 
Experimental animals 
Mice were housed five per cage in a temperature-controlled room (22°C) with a 12 h:12 h light:dark 
lighting regime (unless stated otherwise) and free access to food and water. Lights-on was at 
zeitgeber time (ZT) 0 and lights-off at ZT 12. Mice were adapted to a lighting regime for at least 
two weeks before use. Mice were sacrificed by cervical dislocation at defined time points, e.g. ZT 
0; during the dark period, mice were handled with the aid of night vision goggles to prevent 
exposure of the mice to light. The majority of experiments were carried out using male 10-12 week 
old (initial age) 25-30 g C57BL/6J mice from Harlan Laboratories. Cry+/-Cry2+/-mice1 that had been 
bred with transgenic knock-in animals (Per1::LUC), in which luciferase expression is driven by the 
mouse Per1 promoter and 5'-UTR elements,2 were originally obtained from Professor G.T. van der 
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Horst (Erasmus MC, Rotterdam, Netherlands). Adult male offspring mice lacking the core 
molecular circadian clock (deficient in the Cryptochrome genes Cry1-/-Cry2-/-) and their congenic 
male wild-type littermates (Cry1+/+Cry2+/+) in which the molecular clock is fully functional were used 
at 4-6 months of age as described previously.3 21 wild-type (C57B/6J from Charles River) and 23 
Girk4-/- mice,4 23±1 weeks of age with matched sex ratio (50%), were bred in a specific pathogen 
free (SPF) animal facility of the Institut de Génomique Fonctionnelle, Montpellier, France on a 
C57B/6J genetic background. Male 10-14 week old cardiac-specific Bmal1 knockout mice were 
used. They were generated by breeding Bmal1flox/flox mice with α-myosin heavy chain-Cre mice. 
Bmal1flox/flox mice have loxP sites flanking exon 8 of the Bmal1 gene (Jackson Labs 007668)5 and 
the cardiomyocyte-specific α-myosin-heavy chain (Myh6) promoter drives expression of Cre 
recombinase in the α-myosin heavy chain Cre mice.6 In the resulting offspring, the exon encoding 
the Bmal1 basic helix-loop-helix (bHLH) domain was deleted in the Cre recombinase-expressing 
cardiac tissues. Details of rats used are given below. 
 
ECG and activity recording via telemetry in mice 
For the experiment shown in Figure 1A, mice were anaesthetised with isoflurane (2.5% in O2) and 
sterilised remote radio telemetry transmitters (model TA11ETA-F10, Data Sciences International, 
Netherlands) were implanted into the peritoneal cavity. Two electrodes were subcutaneously 
placed on the left caudal rib region and right pectoral muscle. Following surgery, mice were single-
housed at 37°C for 2 h and then transferred to the normal holding area for one week to allow 
recovery. The ECG and activity were continuously recorded for six days. Activity (in arbitrary units, 
au; usually 0–30 au) was calculated by the recording system based on alterations in transmitter 
signal strength, which changes with locomotor activity. Animals were maintained in a normal 
12 h:12 h light:dark cycle for the first three days and in constant darkness for the remainder of the 
experiment, during which 1 h light pulses were given at ZT 1-2 and ZT 13-14 on Day 5. Telemetry 
data were received by small animal receiver RPC-1 (Data Sciences International), amplified by a 
Data Exchange Matrix (Data Sciences International) and acquired by Data Quest A.R.T. (P3 Plus 
version 4.8, Data Sciences International). For Figure 1A, the ECG and physical activity were 
recorded for 12 min every hour. The ECG was analysed using LabChart 7 (ADInstruments). First, 
we averaged 100 beats. Typical ECG variables were then automatically measured (with discretion 
for manual refinement) using LabChart. The RR interval was measured as the interval between the 
peaks of consecutive R waves. The PR interval was measured as the interval between the start of 
the P wave and the start of the Q wave. The duration of the QRS complex was measured as the 
interval between the start of the Q wave and the point at which the S wave returned to the zero-
voltage axis. The start point of the QT interval was taken as the beginning of the Q wave. The end 
point of the QT interval was taken as the time at which the last discernible wave crossed the zero-
voltage axis. In the mouse, the QRS complex is followed by a positive T wave (or ‘J’ wave) and this 
can be followed by a negative T wave. A recent study showed that, in the mouse, ventricular action 
potential duration at 90% repolarization coincides well with the end of the positive T wave or J 
wave when the negative T wave is absent.7 For further discussion see Boukens et al.8 In this 
study, the QT (or QJ) interval was measured in this way, because a negative T wave was generally 
not discernible. ECG data shown in Figure 1A are smoothed (2 h moving average). For statistical 
analysis of the relationship between heart rate and activity, mean heart rate and activity were 
recorded every 5 min over the six days.  

The heart rates of mice shown in Figure 1F were obtained in a separate experiment. The 
details of the telemetry are given by Mesirca et al.9 

The effect of ivabradine shown in Figure 4A,B was investigated in a third experiment. 
Telemetry transmitters (PhysioTelTM ETA-F10, DSI) were implanted subcutaneously under 
isoflurane inhalation anaesthetic (induced at 2% and maintained at 1.5% in 100% O2) in C57BL/6J 
mice (aged 8-10 weeks at time of surgery). Animals were allowed to recover from surgery for 5 
days after which ECG signals were recorded at 2 kHz continuously over six days using Ponemah 
software (DSI). The baseline recording took place over 53 h (i.e. >2 circadian cycles). The effect of 
ivabradine on day-night heart rate was studied by administration of a 6 mg/kg I.P. injection at ZT 0 
and ZT 12. The average heart rate for 30 min, starting 10 min after injection was compared to a 
time-matched 30 min recording from a baseline cycle. 
 
Telemetry and vagotomy in rats  
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Biotelemetry was used to record systemic arterial blood pressure and heart rate in vagotomised 
male 300-350 g Sprague-Dawley rats. Animals were anaesthetised with isoflurane (3% in O2) and 
a laparotomy was performed to expose the abdominal aorta. A catheter connected to a telemetry 
pressure transducer (model TA11PAC40, DSI) was advanced rostrally into the aorta and secured 
with Vetbond (3M). The transmitter was secured to the abdominal wall and the incision was closed 
by successive suturing of the abdominal muscle and skin layers. Carprofen was given and the 
animals were returned to their home cages where they were allowed to recover for at least seven 
days. After the recovery period of one week and following recordings of the baseline 
haemodynamic parameters for 24 h, the animals were anaesthetised with isoflurane (3% in O2). 
Using an aseptic technique, an anterior midline neck incision was performed, the sternohyoid and 
sternocleidomastoid muscles were retracted and the right cervical vagus nerve was isolated and 
sectioned. Sham-operated rats underwent the same surgical procedures to expose the nerve, but 
the vagus was left intact. Heart rate was recorded for seven days after surgery. 
 
ECG recording from the anaesthetised mouse 
Mice were anaesthetised with isoflurane (2% in O2). A three-lead ECG was recorded using 
LabChart 7. Positive and negative electrodes were placed subcutaneously on the right fore limb 
and hind limb, respectively, and a reference electrode was placed subcutaneously on the left hind 
limb. ECG parameters were measured using LabChart 7 and GraphPad Prism. After 10 min (to 
allow the heart rate to stabilise), the ECG was recorded for 2 min and the average heart rate 
calculated. Block of the autonomic nervous system was achieved by intraperitoneal injection of 
propranolol (1 mg /kg), followed by intraperitoneal injection of atropine (1 mg /kg) after ~15 min or 
when the effect of sympathetic block with propranolol had reached steady-state. After a further ~5 
min (once a steady-state, post atropine administration, had been reached), the ECG was recorded 
for a 5 min and the average heart rate calculated.  
 
Electrogram recording from the isolated sinus node 
Following sacrifice, the heart was removed and the rear wall of the right atrium encompassing the 
sinus node was rapidly dissected. The preparation was superfused with Tyrode’s solution 
(containing in mM: 100 NaCl, 4 KCl, 1.2 MgSO4, 1.2 KH2PO4, 25 NaHCO3, 1.8 CaCl2; 10 glucose; 
equilibrated with 95% O2 and 5% CO2 to give a pH of 7.4) at 37°C at a flow rate of 10 ml /min. An 
electrogram was recorded using three electrodes: two electrodes pinned either side of the 
preparation and a third earth electrode. Recordings were amplified using a Neurolog system with 
low-pass and high-pass filters adjusted to optimise the signal-to-noise ratio. Electrograms were 
recorded and analysed using LabChart 7 and GraphPad Prism. After dissection, the preparation 
was allowed to stabilise for 15 min, after which the electrogram was recorded and the average 
beating rate calculated over 10 min. The superfusing solution was changed to Tyrode’s solution 
containing 2 mM CsCl. After 15 min of treatment, the electrogram was again recorded and the 
average beating rate calculated. 
 
Isolation of sinus node cells and If recording and analysis 
All procedures conformed to Italian and European laws (D. Lgs n° 2014/26, 2010/63/UE) and were 
approved by the University of Milan Animal Welfare Body and by the Italian Minister of Health. 
Cells used in these experiments were obtained from C57BL/6J male mice kept in 12 h:12 h 
light:dark conditions. On the day of an experiment, mice were euthanised by cervical dislocation 
and the heart quickly extracted and placed in Tyrode’s solution (mM: NaCl, 140; KCl, 5.4; CaCl2, 
1.8; MgCl2, 1; D-glucose, 5.5; HEPES-NaOH, 5; pH 7.4) with heparin (10 U/ml). This procedure 
was carried out at ZT 0, ZT 6, and ZT 12 corresponding to 7 am, 1 pm and 7 pm, respectively. 
After the dissection of the sinus node region, cells were isolated following an enzymatic and 
mechanical dissociation procedure as previously described.10 Isolated single cells were kept at 4°C 
in Tyrode’s solution for the day of the experiment and patch-clamp experiments were performed in 
the whole-cell configuration at 35±0.5°C. If was recorded from single cells superfused with 
Tyrode’s solution containing BaCl2 (1 mM) and MnCl2 (2 mM). The pipette solution contained (in 
mM): K-aspartate, 130; NaCl, 10; EGTA-KOH, 5; CaCl2, 2; MgCl2, 2; ATP (Na+-salt), 2; creatine 
phosphate, 5; GTP (Na+-salt), 0.1; pH 7.2. Current densities were calculated by normalising the 
steady-state amplitudes recorded during a train of seven hyperpolarizing steps (range: from – 30 
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mV/10 s to 120 mV/5.8 s; increment between steps, -15 mV and -700 ms; holding potential, -30 
mV) to cell capacitance. 
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RNA isolation and quantitative polymerase chain reaction (qPCR) 
A ~1 mm biopsy was collected from the sinus node at the level of the main branch of the crista 
terminalis, rapidly frozen in liquid N2 and stored at −80°C until use. Total RNA was isolated using 
an RNeasy Micro kit (Qiagen). RNA purity and quantity were determined using a NanoDrop ND-
1000 spectrophotometer (NanoDrop Technologies). Synthesis of cDNA was performed using the 
Superscript VILO cDNA Synthesis Kit (ThermoFisher Scientific) using the manufacturer’s protocol 
in which 150 ng of RNA in 14 µl of dH2O was added to 4 µl 5x VILO Reaction mix + 2 µl 10x RT 
SuperScript Enzyme mix. qPCR was carried out using an ABI Prism 7900 HT Sequence Detection 
System (Applied Biosystems/Life Technologies Corporation). The expression level of 88 transcripts 
was measured using custom-designed Taqman Low Density Array Cards (Applied Biosystems, 
catalogue number 4342259; format 96A) as previously described11 and according to the 
manufacturer’s instructions. Briefly, 150 ng of cDNA and TaqMan Universal Master Mix (Applied 
Biosystems) were loaded into each port of microfluidic cards containing fluorogenic TaqMan 
probes and primers. Thermal cycling conditions were 50°C for 2 min and 94.5°C for 10 min, 
followed by 40 cycles at 97°C for 30 s and 59.7°C for 1 min. Data were collected with ABI Prism 
7900 HT Sequence Detection System software (SDS 2.3) and analysed using RealTime Statminer 
(v4.1, Integromics). Expression levels of the housekeeping genes, 18s, Gapdh, Hmbs, Ipo8, Pgk1 
and Tbp, were tested. Ipo8 and Tbp were selected as optimal (most stable) endogenous controls 
using geNorm, NormFinder and Minimum Variance Median via RealTime Statminer. Transcript 
expression levels were calculated using the ΔCt method. Statistical significance was tested using 
the non-parametric limma test and Benjamini–Hochberg False discovery rate correction set at 5%. 
For single assays, the qPCR reaction mixture comprised 1 μl cDNA, 1× Qiagen assay (Bmal1, 
QT00101647; Clock, QT00197547; Hcn4, QT00268660; Ipo8, QT00291977; Tbp, QT00198443), 
1× SYBR Green Master Mix (Applied Biosystems) and DNase-free water. All samples were run in 
duplicate. Mean delta Ct values (Ctreference gene/Ctgene of interest) for Hcn4, Bmal1 and Clock and 
corrrsponding Ct values for the reference transcripts, Ipo8 and Tbp1, in individual runs of single-
assay qPCR data are given in Supplemental Tables 3 and 4. Data in all graphs are normalised to 
expression of reference genes Ipo8 and Tbp. The reaction conditions were: denaturation step of 
95°C for 10 min followed by 40 cycles of amplification and quantification steps of 95°C for 30 s, 
60°C for 30 s and 72°C for 1 min. The melt curve conditions were: 95°C for 15 s, 60°C for 15 s and 
95°C for 15 s. mRNA expression normalised to the expression of the housekeepers, Ipo8 and Tbp, 
was calculated using the ΔCt method.  
 
Bioluminescence experiments 
(i) hHCN4-Luc. The previously characterised human Hcn4 promoter region spanning from bp 
−267 to +157 (the number is the distance in base pairs from the putative transcription start site, 
+1)12 was amplified by PCR, and the product was ligated into the pGL3-Basic luciferase reporter 
vector (Promega). C2C12 cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) 
supplemented with 10% (v/v) foetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin and 
passaged using 0.25% trypsin-EDTA. 2´105 cells were seeded in transparent 35 mm Petri dishes 
and grown to 70% confluence prior to transfection with 1 µg pGL3-hHCN4 (luciferase reporter for 
the 780 bp 5¢ flanking region of human HCN4), using 6 µl Lipofectamine 2000. As a positive 
control, cells were transfected with mPer2:Luc or mBmal1:Luc with the addition of transposase (0.5 
µg) to catalyse the transposition mechanism of these constructs (data not shown). At 5 h post-
transfection, the medium was replaced with serum-free DMEM and cells cultured overnight. 
Forskolin (1 h, 10 µM) was used to synchronise the molecular clocks of the cells.13 Subsequently, 
cells were washed twice in phosphate buffered saline (PBS) before the addition of recording 
medium: serum-free DMEM without phenol red (Sigma), 4.2 mM NaHCO3 (Sigma), 10 mM HEPES 
(Sigma), 1% v/v penicillin-streptomycin (Sigma), 2% v/v B27 (Gibco) and 0.1 mM luciferin. Petri 
dishes were sealed using high vacuum grease (Dow Corning) and 40 mm round glass cover slips. 
Bioluminescence was recorded every 10 min for 96 h in a Lumicycle luminometer (Actimetrics) 
placed inside an incubator at 37°C. Photon counts were integrated for 599 s every 600 s. 
Bioluminescence data were detrended by subtracting a 24 h running average from the raw data 
and smoothed with a 3 h running average. The non-parametric JTK_Cycle algorithm14 was used to 
statistically determine the presence of circadian rhythmicity within a 24 h period.  

(ii) Per1::LUC. Total bioluminescence was recorded for 96 h from individual intact sinus 
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node preparations using photomultiplier tube assemblies (H8259/R7518P, Hamamatsu) using 
previously described methods.15 3.5 cm dishes were prepared under sterile conditions with a layer 
of autoclaved high-vacuum grease (Dow Corning) on the top rim, a Millicell insert (Millipore) and 1 
ml recording medium consisting of DMEM (Invitrogen) supplemented with 10% foetal calf serum 
(FCS) and 1% penicillin/streptomycin and 0.1 mM luciferin in autoclaved Milli-Q water. A freshly 
dissected beating sinus node was placed on the Millicell insert following which the dish was sealed 
with a glass coverslip and placed into the photomultiplier tube assembly housed in a light-tight 
incubator (GalaxyR+; RS Biotech) and maintained at 37°C. Photon counts were integrated for 
599 s every 600 s. Bioluminescence data were detrended by subtracting a 24 h running average 
from the raw data and smoothed with a 3 h running average.  
 
Western blot 
Snap frozen sinus node biopsies were homogenised using MP FastPrep-24 and 2 ml tubes 
containing FastPrep metal bead lysing matrix (1.4 mm) in RIPA buffer (Sigma Aldrich). Western 
blotting for HCN4 protein was conducted in two separate experiments. In the first set, Bradford 
protein assay was used to estimate total protein concentration following which samples were 
denatured using 25% SDS-sample buffer (100 mM Tris-HCl, pH 6.8, 25% v/v glycerol, 10% v/v 
SDS, 10% v/v β-mercaptoethanol, 0.1% w/v bromophenol blue) and heating to 80°C for 10 min. 
Proteins were separated using a 7.5% stain-free SDS-polyacrylamide gel electrophoresis (PAGE) 
(Bio-Rad) system with Precision Plus (Bio-Rad) protein standards running at 50 mV for ~50 min in 
SDS running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS). In the second set of experiments 
Pierce BCA protein assay was used to estimate total protein concentration in homogenised sinus 
node biopsies following which samples were denatured in 2x Laemmli buffer (Sigma) containing 6 
M urea and heating to 37°C for 15 min. Proteins were separated using a 4-20% stain-free SDS-
polyacrylamide gel electrophoresis (PAGE) system (Bio-Rad) with Precision Plus Unstained 
Protein Standards (Strep-tagged recombinant, Bio-Rad) running at 110 V for ~70 min in SDS 
running buffer. Gels were imaged using ChemiDoc MP and proteins transferred to PVDF (polyvinyl 
difluoride) membranes using the Trans-Blot Turbo transfer system (Bio-Rad) at 15 V/0.3 mA for 15 
min according to the manufacturer’s instructions. Successful transfer was confirmed by imaging 
using the ChemiDoc MP. PVDF membranes were washed in Tris-buffered saline (TBS) and 
blocked in milk-TBS-Tween (5% w/v non-fat dried Marvel milk, TBS, 0.1% v/v Tween 20) and 
probed with the following primary antibodies for 1 h at room temperature with gentle rocking: rabbit 
polyclonal anti-HCN4 (Alomone Labs), 1:100; rabbit polyclonal anti-actin (Sigma Aldrich), 1:1000. 
After washing, membranes were then probed with horseradish peroxidase (HRP)-linked secondary 
antibody (HRP-linked anti-rabbit IgG, Cell Signalling). Unbound secondary antibody was removed 
by washing in TBS-Tween following which membranes were treated with Clarity Western ECL 
substrate (Bio-Rad) and imaged. Samples from different time points were run on the same gel to 
ensure identical exposure conditions. In the first set of experiments, the chemiluminescent signal 
intensity was normalised to the relative quantification of the corresponding intensity of b-actin. In 
repeat experiments, the chemiluminescent signal intensity was normalised to quantification of total 
protein, calculated and volume-adjusted using Image Lab 6.0 by selection of equivalent lane 
segments across the blot on the total protein image. For each set of experiments, data from 
replicates were averaged and normalised to signal at ZT 0. 
 
Immunohistochemistry 
Following sacrifice, the heart was removed and the rear wall of the right atrium encompassing the 
sinus node was rapidly dissected. The preparations were immersed in optimal cutting temperature 
compound, rapidly frozen in liquid N2 and stored at -80oC until use. The preparations were 
cryosectioned in a coronal plane to a thickness of 10 µm. Slides were stained using Masson’s 
trichrome stain and the sinus node region was identified using the sinus node artery as a 
landmark. Two sinus node containing slides (four sections per slide) were chosen for each animal. 
Frozen sections were fixed in 10% formaldehyde, permeabilised with 0.1% Triton X-100 for 
30 min, blocked with 1% bovine serum albumin and incubated with anti-HCN4 raised in rabbit 
(Alomone Labs; 1:200). Finally, sections were incubated with Cy3-conjugated secondary 
antibodies raised in donkey (Alomone Labs; 1:400). Images were collected on a Zeiss LSM5 
PASCAL confocal microscope with a Plan Apochromat x40/1.0 oil objective lens. The confocal 
settings were as follows: pinhole, 1.02 airy unit; scan speed, 1 kHz unidirectional; format 1024 × 
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1024. Images were collected using the following settings: Cy3, 543 nm excitation and 640-
690 nm emission. Four high power images were taken per section. HCN4 immunofluorescence 
was quantified using Volocity cellular imaging software and analysed by Image J. The sum pixel 
intensity for the HCN4-stained area was divided by the area to give a measurement of intensity 
per unit area.  
 
In vitro ChIP 
ChIP was performed on 3T3-L1 cells (ATCC, #CL-173) using the SimpleChIP chromatin 
immunoprecipitation kit (CST, #9005) according to the manufacturer’s instructions. Prior to cross-
linking, 3T3-L1 cultures at a density of 104 cells/cm2 were transfected with plasmid containing His-
tagged Bmal1 (pBMPC3; gift from Aziz Sancar, Addgene, plasmid #31367) for 48 h. Antibody 
directed against the His-tag (CST, #12698) was used for immunoprecipitation. DNA obtained from 
ChIP was analysed by qPCR using primers mapping to canonical E-box binding sites, i.e., 
consensus binding sites for the CLOCK::BMAL1 heterodimer. E-box binding sites on the Hcn4 
gene and in 20 kb of the 5¢ flanking region were obtained using the RVISTA function within ECR 
browser (http://ecrbrowser.dcode.org/). Quantification of Hcn4 E-box binding sites was conducted 
by, first, normalisation to the housekeeping genes Gapdh and L7 (input normalisation) and, 
secondly, normalisation to data from 3T3-L1 cells subjected to transfection treatment without 
plasmid. The following PCR primers were used:  
 
Forward primer for Hcn4 E-box binding site A CACCCTTGCCTTCCTTCTACTG 
Reverse primer for Hcn4 E-box binding site A ACAAAGAAAGACTCTTAGTGTGCAGGT 
 
Forward primer for Hcn4 E-box binding site B  GGGCTCTACCACCTCCCAG 
Reverse primer for Hcn4 E-box binding site B GTCTGTGGGCAGGTCCATG 
 
Forward primer for Hcn4 E-box binding site C GGCCATCTCTTCTCTGTGTCTGT 
Reverse primer for Hcn4 E-box binding site C TAAGTATGAACTTCAAACGGCCAA 
 
Forward primer for Hcn4 E-box binding site D GGGCTCACAAAACATGGCA 
Reverse primer for Hcn4 E-box binding site D CCCACCAGAGCCTAGACCC 
 
Forward primer for Hcn4 E-box binding site E GGCCTGATAATTGTACTGGTGGT 
Reverse primer for Hcn4 E-box binding site E GCATTAGCCAGCCCTGTTATG 
 
Forward primer for Hcn4 E-box binding site F GCCAGGTACCTGGCTTCC 
Reverse primer for Hcn4 E-box binding site F GAACAAAGACTCAAGTACCACTCCC 
 
Forward primer for Hcn4 E-box binding site G TAGCCAGGGCCTGAGGC 
Reverse primer for Hcn4 E-box binding site G GCATGGAATGCACGGGTAG 
 
Forward primer for Hcn4 E-box binding site H CCTGAAGGTCCCGTTCTTGT 
Reverse primer for Hcn4 E-box binding site H CAGTGACAGATTGGCTTGCC 
 
Forward primer for Gapdh    CTTCCGTGTTCCTACCC 
Reverse primer for Gapdh    ACCTGGTCCTCAGTGTAGCC 
 
Forward primer for L7     GAAGCTCATCTATGAGAAGGC 
Reverse primer for L7     AAGACGAAGGAGCTGCAGAAC 
 
Statistical analysis  
To analyse circadian rhythms, data were fitted with a standard sine wave using the least-squares 
method using GraphPad Prism version 7. The goodness of fit as represented by R2 (the proportion 
of the variance in the dependent variable that is predictable from the independent variable, in this 
case zeitgeber time) is reported. Significant differences (*P<0.05) between data at different 
zeitgeber times and/or genotypes were detected by a t test, ANOVA or limma test. Details of tests 
for each figure: 
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Figure 1A: R2: 0.41, 0.64, 0.27, 0.48 and 0.33 (from top to bottom).  
Figure 1C: Two-way ANOVA with Tukey’s multiple comparisons test; *P<0.05 for ZT 12 versus 

ZT 0 
Figure 1D: Two-tailed unpaired t test 
Figure 1E: Two-way ANOVA with Sidak’s test; *P<0.05 for ZT 12 versus ZT 0 

Figure 2A: Limma test followed by Benjamini-Hochberg False Discovery Rate correction (set at 
5%) 
Figure 2B: R2, 0.30; one-way ANOVA followed by Tukey’s multiple comparisons test; ZT 6 

significantly different from ZT 18 
 
Fig 3B: Two-way ANOVA with Tukey’s multiple comparisons test 
Fig 3C-E: One-way ANOVA with Tukey’s multiple comparisons test 
Figure 3F: One-way ANOVA; no significant differences 
 
Figure 4B,D: Two-way ANOVA with Tukey’s multiple comparisons test; *P<0.05 for ZT 12 versus 

ZT 0� 
 
Figure 5A: Limma test followed by Benjamini-Hochberg False Discovery Rate correction (set at 
5%) 
Figure 5B, top panel: R2, 0.34; one-way ANOVA followed by Tukey’s multiple comparisons test; 

ZT 0 significantly different from ZT 6, 12 and 18  
Figure 5B, bottom panel: R2, 0.39; one-way ANOVA followed by Tukey’s multiple comparisons 

test; ZT 0 significantly different from ZT 12 
 
Figure 6A-E: Two-way ANOVA with Tukey’s multiple comparisons test; *P<0.05 for ZT 12 versus 

ZT 0� 
Figure 6F: Two-way ANOVA with Holm-Šídák test; *P<0.05 for ZT 12 versus ZT 0� 
Figure 6H: One-way ANOVA with Dunnett’s test; *P<0.05 for binding site of interest versus binding 

site A 
 

SUPPLEMENTAL RESULTS 
Use of a Mixed Effects Linear Model to investigate whether the circadian rhythm in heart 
rate is an indirect consequence of time-of-day differences in physical activity   

For each animal fitted with a telemetry system, during 72 h of continuous recording in a 
normal light:dark cycle (Figure 1A), the heart rate and physical activity were averaged for each 5 
min period. For ZT 0 - ZT 12 (Day) and ZT 12 - ZT 0 (Night), the individual activity data were then 
binned into No Activity (0 arbitrary units, au) and High Activity (20-30 au) groups and the 
corresponding heart rate recorded. A mixed effects linear model was used to analyse the data. 
Residual diagnostics were examined to confirm that the assumptions for the analysis to be valid 
were applicable. The model contains two fixed factors: Time (either Day or Night) and Activity 
(either No Activity or High Activity). Also included in the model was the interaction between these 
two factors to determine whether they were dependent on one another. The individual animal was 
included as a random effect. Comparisons were conducted between day and night at each of the 
activity levels, using a 2-sided 5% test, and applying a Sidak multiple comparison adjustment.  
The following results were obtained: 
 

Type 3 Tests of Fixed Effects 

Effect Degrees of 
freedom 

Denominator 
degrees of 
freedom 

F value P value 

Time 1 21 9.00 0.0068 
Activity 1 21 221.06 <0.0001 

Time*Activity 1 21 1.29 0.2687 
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Activity Time Mean 
(beats/min) 

Standard 
error 

(beats/min) 

Difference 
(Night-Day) 
(beats/min) 

P value 

No Activity 
Day 413.4 18.9     

Night 451.5 18.9 38.1 0.032 

High Activity 
Day  560.9 18.9     

Night 578 18.9 17.2 0.594 

 
As expected, these data show that heart rates were significantly higher at night (P<0.0068) and 
with increased activity levels (P<0.001). However, the interaction between time and activity was 
not significant (P=0.2687), which means that in this dataset the heart rate difference between night 
and day does not depend upon activity level. Sidak’s multiple comparisons test revealed a 
significant difference in the heart rate at Night versus Day in the No Activity group. In the High 
Activity group, this effect was masked (P>0.05). 
 

SUPPLEMENTAL DISCUSSION 
Use of atropine and propranolol to block the autonomic nervous system 
Atropine and propranolol are commonly used to block autonomic receptors in the heart.16 In this 
study, we used 1 mg/kg atropine and 1 mg/kg propranolol, as we did in our previous studies.11 In 
recent studies of the mouse, Backx and colleagues17, 18 used higher concentrations: 2 mg/kg 
atropine and 10 mg/kg propranolol. Propranolol blocks b-receptors with an IC50 of 12 nM 
(http://www.selleckchem.com/products/propranolol-hcl.html). In addition, work on heterologously 
expressed ion channels in cell lines has shown that propranolol blocks the cardiac Na+ channel, 
Nav1.5 (Scn5a), with an IC50 of 2.7 µM 19 and HCN4 with an IC50 of 50.5 µM.20 To determine 
whether the non-specific effects of propranolol are a concern, we estimated the plasma propranolol 
concentration: assuming that only 10% of propranolol is free,21 an injection of 10 mg/kg propranolol 
(as used by Backx and colleagues17, 18) is estimated to give a propranolol concentration of 6 µM if it 
partitions in all body water - ~60% of body mass in the mouse22 - and 66 µM if it only partitions into 
the blood - 58.5 ml/kg in the mouse (https://www.nc3rs.org.uk/mouse-decision-tree-blood-
sampling). Based on these estimates, it is possible that 10 mg/kg propranolol may block, to some 
extent, Nav1.5 and HCN4. Because of this concern, we used a 10´ lower dose of propranolol (1 
mg/kg) than that used by Backx and colleagues,17, 18 i.e. the same dose as we used before;11 this 
dose is expected to cause less block of Nav1.5 and little or no block of HCN4 and yet complete 
block of b-receptors. Atropine blocks M2 muscarinic receptors with an IC50 of 0.76–1.5 nM.23-25 The 
dose of atropine used (1 mg/kg) is expected to cause complete block of the cardiac M2 muscarinic 
receptor. 
 
Use of Cs+ and ivabradine as If blockers 
2 mM Cs+ was used as an If blocker in experiments on the isolated sinus node. Cs+ is a voltage-
dependent blocker of If and block is reduced at more positive potentials.26 Nevertheless, in rabbit 
sinus node cells, 2 mM Cs+ completely blocks If in the pacemaker range of potentials.27, 28 This 
concentration of Cs+ has a negligible effect on the L-type Ca2+ current, ICa,L, and the delayed 
rectifier K+ current,27, 28 two currents which play a major role in the sinus node action potential.29, 30 
Cs+ does block the background inward rectifier K+ current, IK,1. Isenberg31 used 20 mM Cs+ to block 
IK,1 in sheep Purkinje fibres. It is unclear from the literature what fraction of IK,1 will be blocked by 2 
mM Cs+. Harvey and Ten Eick32 studied block of IK,1 by Cs+ in cat ventricular myocytes and 
reported that 1 mM Cs+ blocked ~42% of the current at -100 mV. However, Cs+ block of IK,1 is 
voltage-dependent32 and less block is expected in the pacemaker range of potentials. Furthermore, 
IK,1 is not believed to play an important role in the centre of the sinus node (of the rabbit at least).29, 

30 We have previously discussed the use of 2 mM Cs+ as an If blocker.33 Ivabradine was used as 
an If blocker in experiments in vivo – Cs+ cannot be used in vivo. Ivabradine is not necessarily a 
selective If blocker. 10 µM ivabradine has been reported to decrease ICa,L by 18% in rabbit sinus 
node cells34; see also Haechl et al.35 Ivabradine blocks heterologously expressed Nav1.5 channels 
with an IC50 of 30 µM35 and Kv11.1 (hERG) channels (responsible for the important repolarizing 
current IK,r in the sinus node) with an IC50 of 2-3 µM36 or 11 µM.35 To minimise non-specific effects 
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of ivabradine, it is advisable not to apply more than 3 µM ivabradine and yet at this concentration it 
may only block ~50% of If; the IC50 for block of If is reported to be 2.8 µM.34 Ivabradine is also a 
use-dependent blocker and therefore requires repetitive depolarization to act.37 Finally, block of If 
may indirectly alter intracellular Na+38 and therefore Ca2+ and this may affect pacemaking. Indeed, 
slowing of pacemaker activity induced by ivabradine has been shown to reduce diastolic 
ryanodine-receptor dependent Ca2+ release.39 Therefore we cannot exclude the possibility that 
other components of the pacemaker mechanism beside If, including the Na+/Ca2+ exchanger, 
contribute to the effect of ivabradine and to the circadian rhythm. It is concluded that neither 
blocker of If is perfect. However, in the absence of an alternative, we argue that their use is 
justified because it provides experimental data on the role of If, which is not available by any other 
means. When using isolated sinus node tissue, 2 mM Cs+ is the If blocker of choice, because it 
blocks all If and has minimal non-specific effects. However, in vivo ivabradine is the only option. 
Both Cs+ and ivabradine are widely used to block If to estimate the role of If in pacemaking.e.g.11, 40-

44 
 
Phasing of the circadian clock, Hcn4, HCN4 and If  
As summarised in Supplemental Table 1, Bmal1 (and Clock) peak at ~ZT 0, whereas Hcn4 mRNA 
and HCN4 protein peak after a delay at ~ZT 20. Study of mouse liver cistromes has established 
that although CLOCK::BMAL1 binds synchronously to all of its target genes, its transcriptional 
output is highly heterogeneous and a large fraction of rhythmically expressed target genes are 
transcribed antiphase to maximal CLOCK::BMAL1 DNA binding.45 Furthermore, a recent study has 
demonstrated that the mechanisms by which CLOCK::BMAL1 regulates transcription of core clock 
genes (such as Per1 and Dbp) differs from the regulation of other clock-controlled genes, and that 
in the latter case additional mechanisms (e.g. ubiquitously expressed transcription factors) are also 
required for the activation of rhythmic gene expression by the circadian clock.46 The time of the 
peak If was not determined, but the nadir in Hcn4 mRNA, HCN4 protein and If was approximately 
the same (~ZT 6; Figs. 2B and 3C,D), suggesting that there was little delay between transcription, 
translation and function.  
 
Limitations of the study 
This study focussed on the potential role of a circadian rhythm in HCN4 and If in the sinus node, 
because previous work has demonstrated their importance for pacemaker function under 
physiological (e.g. exercise training, ageing, pregnancy and development11, 47-50) and 
pathophysiological (e.g. heart failure, atrial fibrillation, diabetes51-54) conditions. However, because 
the activity of ion channels and the rate of diastolic depolarization are coupled to intracellular Ca2+ 
release and cycling (referred to as the coupled-clock55), it is likely that the circadian rhythm in 
pacemaking involves regulation of the coupled-clock pacemaker mechanism as a whole. It was not 
within the scope of this study to address the functional consequences of all coupled clock 
molecules that showed a transcriptional day-night rhythm.  

Computer modelling has the potential to show the effects of any circadian changes in ionic 
currents. Calculations were carried out using two independent models of the mouse sinus node 
action potential.56, 57 The models suggest that a two-fold or three-fold increase in the conductance 
of If (c.f. Figure 3C) will increase the beating rate by 12 and 13 beats/min (Kharche et al.57 ) and by 
26 and 40 beats/min (Christel et al.56). The models therefore predict a substantial change, which 
would at least contribute to the circadian rhythm in heart rate. Although other ionic currents could 
be involved, for these protein expression or corresponding current density have not been 
determined (only transcript expression) and, therefore, a study of the involvement of other ionic 
currents is premature at this stage.  

In this study, one of the ways of testing the role of the vagus in setting the day-night rhythm 
in heart rate was by genetic ablation of IK,ACh. However, the vagus not only lowers the heart rate by 
activating IK,ACh – it also potentially lowers the heart rate by reduction of adenylyl cyclase activity 
and consequent reduction of cAMP levels and protein kinase A (PKA)-dependent phosphorylation 
of target proteins.e.g.58 Addressing these mechanisms is outside the scope of this work. However, it 
is important to note that mice carrying genetic ablation of IK,ACh (Girk4-/- i.e. Kir3.4-/-) lack 50% of 
vagal regulation of heart rate.9, 59 The relevance of IK,ACh in tonic vagal control of pacemaking is 
underscored by the moderate increase in basal heart rate and the delay in basal heart rate 
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recovery following exercise in Girk4-/- mice.9 Mirroring the impact of IK,ACh ablation in vivo, the 
cholinergic negative chronotropic effect is reduced by over 50% in intact hearts and in 
spontaneously beating sinus node pacemaker cells isolated from Girk4-/- mice.9 Other work from us 
and others has also shown the importance of IK,ACh in the cholinergic negative chronotropic effect 
as compared to any effect mediated by the cAMP/PKA-dependent pathway.60-62. 

Further studies with improved temporal resolution are also required to understand why 
mice with cardiac-specific Bmal1 knockout63, 64 or Clock mutant65 retain a (albeit altered) circadian 
rhythm  in heart rate in vivo. Bmal1 and Clock have paralogs, Bmal2 and Npas2, which can 
substitute for them, and this could be a potential underlying mechanism.66, 67  

Finally, this study was carried out on mouse and rat and thus caution must be exercised in 
extrapolating the findings to human physiology. Although the potential for experiments on the 
human heart is limited, the effect of acute autonomic blockade in vivo would show whether the 
circadian rhythm in heart rate in the human is solely determined by conductance changes 
mediated by the autonomic nervous system.    
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Supplemental Table 1. Summary of circadian rhythms in heart rate, Bmal1, Clock and Hcn4. 
Where possible the data were calculated from the fitting of a sine wave. The periodicity was 
assumed to be 24 h. adata based on a small number of time points over 24 h and, therefore, 
subject to greater error. bdata based on means at ZT 0 and ZT 12 and, therefore, no time course 
data available. Data are ranked according to the likely sequence of events.  
 

Event Source 
data 

Day-night 
difference in 

heart rate 
(beats/min) 

Time of 
peak (ZT) Timeline 

Early events  
Clock 

 
Hcn4 

 
 

Intrinsic 
heart rate 

 
 
 
 
 
 
 

Normal 
heart rate 

Bmal1 mRNAa Figure 5B - 0.5±1.1 
Clock mRNAa Figure 5B - 0.2±1.0 

Later events 
Hcn4 mRNAa  Figure 2B - 19.7±1.0 
Intrinsic beating rate (not subject 
to autonomic influence)    

Isolated sinus node – study 1b Figure 1D 55±9 - 
Isolated sinus node – study 2b Figure 4D 52±16 - 
Isolated sinus node after Cs+ block 
of If – study 2b Figure 4D -5±5 - 

Isolated sinus node from Bmal1-/- 
mouseb Figure 6C -37±8 - 

Heart rate in vivo of anaesthetised 
mouse subject to autonomic 
blockadeb  

Figure 1C 
 28±7 - 

Normal heart rate (subject to 
autonomic influence)    

Heart rate in vivo of conscious 
mouse – study 1 Figure 1A 76±4 14.1±0.1 

 
Heart rate in vivo of conscious 

mouse – study 2 Figure 1F 155 12.5 
 

Heart rate in vivo of conscious 
Girk4-/- mouse – study 2 Figure 1F 155 12.3 

 
Heart rate in vivo of conscious 

mouse – study 3b Figure 4B 203±17 - 

Heart rate in vivo of conscious 
mouse after ivabradine 
block of If – study 3b 

Figure 4B -9±4 - 

Heart rate in vivo of anaesthetised 
mouseb  

Figure 1C 
 

54±14 
 - 

Normal heart rate (subject to 
autonomic influence) but with 
altered lighting regime 

   

Heart rate in vivo of conscious 
mouse during 24 h dark 
regime 

Figure 1A 103±5 15.1±0.2 
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Supplemental Table 2. Expression of mRNA for clock components, transcription factors, 
ion channels, Na+-K+ pump subunits, intracellular Ca2+-handling molecules, gap junction 
channels and hypertrophy markers in the sinus node at ZT 0 and ZT 12. Values denote ΔCt 
(abundance of transcript normalised to reference transcripts Tbp and Ipo8) and are transformed 
(Efficiency-ΔCt). Differences between ZT 0 and ZT 12 were tested using the limma test and the 
False Discovery Rate (FDR)-corrected P values are shown. Statistically significant differences 
(P<0.05) are highlighted in grey. n=7/9. 
 

mRNA Protein ZT 0 
(mean±SEM) 

ZT 12 
(mean±SEM) 

FDR-adjusted 
P value 

Clock genes 

Arid1A 
AT-rich interactive domain-containing 

protein 1A 1.29±0.25 1.59±0.11 0.301 

Bhlhe40 
Class E basic helix-loop-helix protein 

40 0.63±0.18 1.75±0.34 0.031 

Bhlhe41 
Class E basic helix-loop-helix protein 

41 0.95±0.10 4.35±0.79 0.001 

Bmal1 
Aryl hydrocarbon receptor nuclear 

translocator-like protein 1 0.91±0.15 0.07±0.01 1.92E-06 

Bmal2 
Aryl hydrocarbon receptor nuclear 

translocator-like protein 2 0.02±0.003 0.05±0.02 0.977 

Clock 
Circadian locomoter output cycles 

protein kaput 5.17±1.49 2.15±0.28 0.099 

Cry1 Cryptochrome-1 0.51±0.05 0.40±0.04 0.298 
Cry2 Cryptochrome-2 0.40±0.04 1.25±0.25 0.002 

Csnk1e Casein kinase I isoform epsilon 0.99±0.10 1.54±0.25 0.307 
Lhx1 LIM/homeobox protein Lhx1 0.001±0.0003 0.001±0.0005 0.873 
Per1 Period circadian protein homolog 1 0.43±0.06 1.84±0.16 2.26E-05 
Per2 Period circadian protein homolog 2 0.18±0.02 0.93±0.05 5.11E-07 
Per3 Period circadian protein homolog 3 0.22±0.02 1.59±0.09 1.61E-08 

Nr1d1 
Nuclear receptor subfamily 1 group D 

member 1 0.33±0.03 4.19±0.66 4.42E-08 

Nr1d2 
Nuclear receptor subfamily 1 group D 

member 2 1.88±0.73 8.22±2.75 0.005 

RoRa Nuclear receptor ROR-alpha 1.57±0.17 2.19±0.27 0.186 
Timeless Protein timeless homolog 0.15±0.01 0.19±0.01 0.271 

Circadian clock regulated transcription factors 
Dbp D site-binding protein 0.05±0.01 3.97±0.22 4.04E-11 
Hlf Hepatic leukemia factor 2.27±0.47 4.40±0.33 0.012 
Tef Thyrotroph embryonic factor 1.42±0.13 6.57±0.50 5.11E-07 
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Supplemental Table 2 continued. 
 

Gene Protein ZT 0 
(mean±SEM) 

ZT 12 
(mean±SEM) FDR adjusted P value 

HCN channels 

Hcn1 HCN1 5.01±0.75 6.34±3.07 0.620 
Hcn2 HCN2 0.49±0.07 0.66±0.06 0.252 
Hcn4 HCN4 12.05±1.32 6.39±1.42 0.028 

Na+ channels 

Scn5a Nav1.5 4.17±0.45 8.08±0.83 0.005 
Scn1b Navβ.1 2.34±0.24 3.4±0.59 0.354 

Ca2+ channels 

Cacna1c 
 

Cav1.2 1.71±0.27 2.08±0.35 0.928 
Cacna1d Cav1.3 0.59±0.15 0.82±0.15 0.385 
Cacna1g Cav3.1 1.12±0.14 1.17±0.13 0.789 
Cacna1h Cav3.2 4.31±0.64 7.63±1.20 0.084 
Cacna2d1 Cavα2δ1 13.21±4.71 16.20±9.22 0.873 
Cacna2d2 Cavα2δ2 3.56±0.61 5±0.81 0.354 
Cacnb2 Cavβ2 1.85±0.27 4.06±0.78 0.084 

Transient outward K+ channels 

Kcna2 Kv1.2 0.33±0.04 0.48±0.04 0.109 
Kcna4 Kv1.4 0.14±0.01 0.29±0.01 0.002 
Kcnb1 Kv2.1 1.70±0.18 1.23±0.11 0.163 
Kcnd2 Kv4.2 0.46±0.04 1.14±0.08 2.22E-04 
Kcnd3 Kv4.3 0.65±0.16 0.80±0.09 0.333 
Kcnip2 KChIP2 0.24±0.02 0.26±0.04 0.975 

Delayed rectifier K+ channels 

Kcna5 Kv1.5 0.40±0.05 0.73±0.06 0.021 
Kcnh2 ERG1 1.32±0.2 3.01±0.34 0.009 
Kcnq1 KVLQT1 2.06±0.16 2.55±0.23 0.217 

Inward rectifier K+ channels 

Kcnj2 Kir2.1 1.55±0.15 1.78±0.18 0.596 
Kcnj12 Kir2.2 0.84±0.07 1.19±0.10 0.084 
Kcnj4 Kir2.3 0.004±0.0009 0.008±0.002 0.466 
Kcnj14 Kir2.4 0.11±0.02 0.10±0.01 0.629 
Kcnj3 Kir3.1 14.19±1.83 22.31±3.75 0.117 
Kcnj5 Kir3.4  7.60±0.65 10.06±0.95 0.187 
Kcnj8 Kir6.1 1.02±0.06 1.63±0.15 0.031 
Kcnj11 Kir6.2 1.32±0.14 2.86±0.26 0.002 
Abcc8 SUR1 1.57±0.19 2.88±0.27 0.006 
Abcc9 SUR2 2.23±0.33 4.67±0.26 0.002 
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Supplemental Table 2 continued. 
 

mRNA Protein ZT 0 (mean±SEM) ZT 12 (mean±SEM) FDR adjusted P value 
 Miscellaneous K+ channels 

Kcnn1 SK1 0.16±0.02 0.29±0.07 0.157 
Kcnn2 SK2 0.48±0.05 0.60±0.04 0.217 
Kcnn3 SK3 0.08±0.01 0.10±0.01 0.328 
Kcnk3 TASK1 10.68±1.36 22.69±6.21 0.033 
Trpc3 TRPC3 1.85±0.04 0.12±0.01 0.489 

Cl- channels 

Cftr CFTR 0.06±0.01 0.05±0.004 0.819 
Clcn2 CLC-2 0.08±0.01 0.30±0.04 0.001 

Na+-K+ Pump 

Atp1a1 Na+-K+ pump α1 subunit 45.33±9.48 42.64±8.96 0.983 
Atp1a2 Na+-K+ pump α2 subunit 20.26±3.09 34.74±13.72 0.443 
Atp1a3 Na+-K+ pump α3 subunit 0.2±0.05 0.62±0.14 0.106 

Intracellular Ca2+-handling molecules 

Casq2 Calsequestrin 2 59.30±22.84 40.26±16.71 0.385 
Camk2d Camk2δ 3.04±0.37 4.92±0.45 0.046 
Slc8a1 NCX1 9.30±0.49 15.28±2.76 0.179 

Pln Phospholamban 1.15±0.09 1.47±0.24 0.789 
Ryr2 RYR2 63.75±24.87 70.52±37.08 0.807 
Ryr3 RYR3 0.48±0.27 0.30±0.04 0.807 
Sln Sarcolipin 97.28±5.87 86.02±14.31 0.415 

Atp2a2 SERCA2a 857±429.6 953.59±633.82 0.852 
Gap junction channels 

Gjd3 Cx30.2 0.06±0.01 0.08±0.01 0.367 
Gja5 Cx40 1.15±0.22 2.29±0.52 0.102 
Gja1 Cx43 1.95±0.22 1.488±0.26 0.247 
Gjc1 Cx45 0.06±0.02 0.06±0.014 0.835 
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Supplemental Table 2 continued. 
 

mRNA Protein ZT 0 (mean±SEM) ZT 12 (mean±SEM) FDR adjusted P value 
Transcription factors 

Gata4 GATA4 3.32±0.34 3.35±0.37 0.975 

Hand2 

Heart- and neural crest 
derivatives-expressed 

protein 2 
1.21±0.1 1.72±0.17 0.136 

Isl1 
Insulin gene enhancer 

protein ISL-1 0.36±0.08 0.19±0.04 0.110 

Klf4 Krueppel-like factor 4 1.64±0.23 1.40±0.07 0.593 
Klf15 Krueppel-like factor 15 0.56±0.057 1.03±0.08 0.011 

Mef2c 
Myocyte-specific enhancer 

factor 2C 1.02±0.11 1.42±0.20 0.411 

Nkx2.5 
Homeobox protein Nkx-

2.5 1.36±0.18 1.60±0.31 0.693 

Rest 
RE1-silencing 

transcription factor 0.47±0.1 0.44±0.02 0.883 

Pitx2 Pituitary homeobox 2 0.14±0.03 0.12±0.01 0.620 

Shox2 
Short stature homeobox 

protein 2 0.98±0.14 0.42±0.06 0.005 

Srf Serum response factor 2.46±0.15 2.30±0.15 0.695 

Tbx3 
T-box transcription factor 

3 1.80±0.22 0.96±0.12 0.028 

Tbx5 
T-box transcription factor 

5 8.57±0.8 11.49±1.51 0.376 

Tbx18 
T-box transcription factor 

18 0.78±0.14 0.41±0.06 0.063 

Hypertrophy markers 
Nppa Atrial natriuretic peptide 114±22.17 317.57±103.9 0.032 
Nppb Brain natriuretic peptide 0.99±0.28 2.20±1.09 0.645 
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Supplemental Table 3. Mean delta Ct values (Ctreference gene/Ctgene of interest) for Hcn4, Bmal1 and 
Clock and corrrsponding Ct values for the reference transcripts, Ipo8 and Tbp1, in 
individual runs of single-assay qPCR data presented in Figures 2B and 5B. n=6/6/6/6 for 
Hcn4 and n=6/6/7/8 for Bmal1 and Clock. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Hcn4 (Figure 2B) 
   Run 1 Run 2 Average 

ZT 0 2.7±0.39 2.77±0.40 2.76±0.4 
ZT 6 1.8±0.34 1.75±0.30 1.75±0.3 
ZT 12 2.01±0.16 2.06±0.23 2.05±0.22 
ZT 18 3.03±0.33 3.19±0.40 3.18±0.40 

Ipo8 (Figure 2B) 
  Run 1 Run 2 Average 

ZT 0 25.95±0.20 25.98±0.12 25.96±0.14 
ZT 6 26.23+0.58 26.19±0.17 26.21±0.19 
ZT 12 25.78±0.23 25.85±0.06 25.81±0.07 
ZT 18 27.10±0.32 27.24±0.37 27.17±0.34 

Tbp1 (Figure 2B) 
  Run 1 Run 2 Average 

ZT 0 24.03±0.1 23.99±0.09 24.01±0.09 
ZT 6 24.19±0.14 24.20±0.14 24.19±0.14 
ZT 12 23.89±0.07 23.77±0.08 23.83±0.07 
ZT 18 24.89±0.26 24.87±0.26 24.87±0.26 
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Supplemental Table 3 continued. 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Bmal1 (Fig 5B) 
  Run 1 Run 2 Average 

ZT 0 0.61±0.22 1.02±0.38 0.86±0.29 
ZT 6 0.17±0.04 0.26±0.05 0.22±0.03 
ZT 12 0.11±0.06 0.04±0.008 0.07±0.03 
ZT 18 0.13±0.04 0.24±0.07 0.18±0.05 

Clock (Fig 5B) 
  Run 1 Run 2 Average 

ZT 0 10.86±1.13 18.79±6.6 14.57±2.62 
ZT 6 4.69±0.04 11.31±3.2 8.66±1.13 
ZT 12 4.99±0.52 7.12±0.51 5.87±0.89 
ZT 18 8.72±3.33 8.811±0.05 8.55±1.71 

Ipo8 
  Run 1 Run 2 Average 

ZT 0 25.98±0.34 24.48±0.33 25.22±0.28 
ZT 6 26.81±0.92 26.62±1.05 26.25±0.61 
ZT 12 25.43±0.29 24.58±0.1 25.01±0.20 
ZT 18 25.8±0.26 24.99±0.18 25.39±0.22 

Tbp1 
  Run 1 Run 2 Average 

ZT 0 27.78±1.35 27.73±1.44 27.08±0.72 
ZT 6 27.34±0.94 27.05±0.93 26.68±0.51 
ZT 12 26.01±0.11 25.77±0.18 25.91±0.13 
ZT 18 25.97±0.25 26.06±0.12 26±0.18 
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Supplemental Table 4. Mean delta Ct values (Ctreference gene/Ctgene of interest) for Bmal1, Clock and 
Hcn4 and corrrsponding mean Ct values for the reference transcripts, Ipo8 and Tbp1, in 
individual runs of single-assay qPCR data presented in Figures 6A,B,E. n=6/7/5/6 for Bmal1 
and Clock and n=6/7/5/6 for Hcn4. 
 
 

Wild-Type Bmal1 Knockout 
Bmal1 (Figure 6A) 

  Run 1 Run 2 Average  Run 1 Run 2 Average 
ZT 0 0.61±0.27 1.02±0.38 0.86±0.29 ZT 0 0.053±0.01 0.030±0.01 0.04±0.01 
ZT 12 0.11±0.05 0.04±0.007 0.07±0.03 ZT 12 0.005±0.002 0.006±0.004 0.004±0.002 

Clock  (Figure 6B) 

  Run 1 Run 2 Average  Run 1 Run 2 Average 
ZT 0 10.86±1.13 18.79±6.6 14.57±2.62 ZT 0 8.2±1.35 8.85±1.76 6.8±1.30 
ZT 12 4.99±0.52 7.12±0.51 5.87±0.89 ZT 12 6.8±1.06 2.98±1.96 4±0.68 

Hcn4 (Figure 6E) 

  Run 1 Run 2 Average  Run 1 Run 2 Average 
ZT 0 30.68±10.25 49.76±12.17 42±4.7 ZT 0 18.75±9.36 36.03±5.73 27±5.7 
ZT 12 15.52±2.13 32.87±3.86 24±2.8 ZT 12 29.22±17.36 20.17±3.24 24±7.2 

Ipo8 (Figure 6) 

  Run 1 Run 2 Average  Run 1 Run 2 Average 
ZT 0 25.98±0.34 24.48±0.33 25.22±0.28 ZT 0 25.8±0.52 27.31±0.82 25.17±0.18 
ZT 12 25.43±0.29 24.58±0.1 25.01±0.20 ZT 12 27.26±0.61 26.53±0.56 26.29±0.34 

Tbp (Figure 6) 

  Run 1 Run 2 Average  Run 1 Run 2 Average 
ZT 0 27.78±1.35 27.73±1.44 27.08±0.72 ZT 0 24.8±0.21 25.44±0.15 26.33±0.3 
ZT 12 26.01±0.11 25.77±0.18 25.91±0.13 ZT 12 25.28±0.47 25.74±0.18 26.01±0.32 
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Supplemental Figure 1. A, Relationship between in vivo heart rate and physical activity before, 
during and after the 1 h light pulses shown in Figure 1B. B, Relationship between in vivo heart rate 
and physical activity throughout the 6-day experiment shown in Figure 1A.  
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Supplemental Figure 2. Left, Immunolabelling of HCN4 protein (red signal) in sections through the sinus 
node dissected from control wild-type (top) and cardiac-specific Bmal1 knockout (bottom) mice culled at ZT 
0 and ZT 12. Right, Mean HCN4 protein expression determined by immunohistochemistry in the sinus 
node of control wild-type and cardiac-specific Bmal1 knockout mice at ZT 0 and ZT 12 (wild-type mice, 
n=56/42 sections from 3/3 mice; cardiac-specific Bmal1 knockout mice, n=38/46 sections from 3/3 mice). 
*P<0.05; two-way ANOVA with Holm-Šídák test. Same data as Figure 6F. 
 
 
 
 
  
 
 
 
 
 
 
 
Supplemental Figure 3: Schematic representation of human Hcn4 including 2 kb of its 5¢ flanking 
region showing the position of six potential E-box binding sites (A-F) identified using Matinspector. 
 
 


