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Although, for many decades, the day-night rhythm in resting heart rate has
been attributed to the parasympathetic branch of the autonomic nervous
system (high vagal tone during sleep), recently we have shown that there
is a circadian clock in the cardiac pacemaker, the sinus node, and the day—
night rhythm in heart rate involves an intrinsic rhythmic transcriptional
remodelling of pacemaker ion channels, particularly Hcn4. We have now
investigated the role of the sympathetic branch of the autonomic nervous
system in this and shown it to have a non-canonical role. In mice, sustained
long-term block of cardiac p-adrenergic receptors by propranolol adminis-
tered in the drinking water abolished the day—night rhythm in
pacemaking in the isolated sinus node. Concomitant with this, there was a
loss of the normal day—night rhythm in many pacemaker ion channel tran-
scripts. However, there was little or no change in the local circadian clock,
indicating that the well-known day-night rhythm in sympathetic nerve
activity is directly involved in pacemaker ion channel transcription. The
day—night rhythm in pacemaking helps explain the occurrence of clinically
significant bradyarrhythmias during sleep, and this study improves our
understanding of this pathology.

This article is part of the theme issue ‘The heartbeat: its molecular basis
and physiological mechanisms’.

1. Introduction

There is a day—night rhythm in the resting heart rate, which is faster during
the awake period (day for the human but night for the nocturnal mouse) in
preparation for increased levels of physical activity at this time [1]. Since 1929
this has been attributed to the autonomic nervous system [2,3]. The autonomic
nervous system of course is known to regulate heart rate via its actions on the
pacemaker of the heart, the sinus node—adrenaline, noradrenaline and acetyl-
choline released from the autonomic nerves innervating the sinus node regulate
single-ion channel conductances and therefore heart rate over a timescale of
seconds (via G protein, CAMP and phosphorylation) [4-7]. It has long been sup-
posed that there is a day—night rhythm in the activity of the autonomic nerves
innervating the sinus node—attention has focused on a potential increase in
vagal nerve activity during the sleep period [1]. An increase in heart rate varia-
bility has been cited as evidence of this (e.g. [8]), but we have shown that heart
rate variability cannot be used as a measure of vagal activity [9]. Furthermore,
two studies have shown there is no day—night variation in vagal activity [10,11].
However, there is evidence of a day—-night rhythm in sympathetic nerve activity
[10,12], as well as a day—night rhythm in plasma catecholamines released from
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the adrenal medulla [13-15] and in the catecholamine content
of the heart [16]; all are greater during the awake period.
Although this potentially could explain the higher resting
heart rate during the awake period (via changes in single-
ion channel conductances), short-term pharmacological
autonomic blockade does not block the day—night rhythm
in the resting heart rate [1]. Our recent work has turned atten-
tion away from the autonomic nervous system to the sinus
node itself. We have shown (i) there is a local circadian
clock in the sinus node, (ii) 44% of the transcriptome of the
sinus node shows a significant day—night rhythm, including
transcripts underlying pacemaking such as Hcn4, (iii) a
day-night rhythm in pacemaker activity is seen in the iso-
lated (therefore denervated) sinus node, (iv) there is a day-
night rhythm in the funny current, I, for which Hcn4 is
responsible, and (v) block of I in vitro and in vivo diminishes
or blocks the day—night rhythm in heart rate [17,18]. Our
work therefore suggests that the day-night rhythm in the
resting heart rate in part at least is intrinsic to the heart
itself. However, questions remain. In contrast with short-
term pharmacological autonomic blockade, long-term
pharmacological sympathetic nervous system blockade
reduces or abolishes the day-night rhythm in the resting
heart rate [1,19-21]. This raises the possibility of a non-cano-
nical role (i.e. one other than the regulation of single-ion
channel conductances) for the sympathetic nervous system
in the day-night rhythm in the resting heart rate, and the
aim of this study was to investigate this possibility.

2. Results

(a) Effect of sustained [B-adrenergic receptor blockade
in vivo
Adult male mice were subjected to sustained B-adrenergic
receptor blockade by propranolol dosing in the drinking
water (3.5mgday™!) for a total of 15-21 days (electronic
supplementary material, figure Sla); this and similar proto-
cols have been widely used (e.g. [21]). As compared with
control mice (of same sex and age, but given standard drink-
ing water), propranolol treatment had no effect on body
weight; it also had no effect on the PR interval, QRS duration
or corrected QT interval measured from the electrocardio-
gram (ECG) at zeitgeber time (ZT) 6 in anaesthetized mice
(electronic supplementary material, figure S1b,d—f). However,
sustained B-adrenergic receptor blockade led to a reduction in
the heart rate in freely moving conscious mice (measured
using telemetry; figure 1a and electronic supplementary
material, figure S1g). A similar reduction in the heart rate
was also observed in conscious but constrained mice
(measured using the ECGenie; electronic supplementary
material, figure S1h) as well as anaesthetized mice (measured
using conventional electrodes; electronic supplementary
material, figure Slc). The reduction in heart rate is expected
and is the result of the block of sympathetic neurotrans-
mission to the sinus node. To test the efficacy of the
blockade, mice were given an intraperitoneal injection of
the non-selective B-adrenoceptor agonist isoprenaline
(2 mg kg™") under anaesthetic at ZT 6; this showed that the
blockade was greater than 70% (electronic supplementary
material, results and figure S2). In mice, sustained B-adrener-
gic receptor blockade has been reported to reduce locomotor

activity during the night (when mice are active) [22], and a [ 2 |

similar decrease in locomotor activity (measured using tele-
metry) was observed in the present study (electronic
supplementary material, figure S3a—c). Sympathetic activity
to the heart is expected to follow locomotor activity levels,
and this could influence the data from this study. Figure 1a
shows the mean heart rate in vivo measured using telemetry
over 24 h only during 1 min periods of inactivity (dashed
lines) as well as at all times (solid lines); correction of heart
rate for locomotor activity in this manner only had a
modest effect on the data.

(b) Sustained [B-adrenergic receptor blockade reduces
the day—night rhythm in heart rate in vivo and

in vitro
Figure 1a shows that in control mice, as in other studies (e.g.
[17]), there was a day-night rhythm in heart rate, which was
higher during the awake period (night). As an aside, figure 1a
also shows that the day-night rhythm in heart rate was simi-
lar regardless of whether the heart rate was corrected for
locomotor activity, and this suggests that the day-night
rhythm in heart rate was not contingent on fluctuations in
locomotor activity, in line with our previous study [17]. Not
only was the heart rate reduced after sustained B-adrenergic
receptor blockade, the day-night rhythm in heart rate was
diminished (figure 1a). Figure 1b shows the mean 12h
heart rate during the day and at night. This shows that the
heart rate was significantly higher at night in control mice
but the day-night difference in heart rate was no longer sig-
nificant after sustained B-adrenergic receptor blockade. The
heart rate was lowest at ZT 0 and highest at ZT 12, but the
difference in heart rate between these two times points was
not significantly affected by sustained B-adrenergic receptor
blockade (data not shown). However, the difference in heart
rate between ZT 6 and ZT 12 was significantly smaller (p =
0.031) following sustained B-adrenergic receptor blockade
(figure 1c). The pattern of the day-night rhythm in heart
rate was altered after sustained p-adrenergic receptor block-
ade, and this was investigated using a fast Fourier
transform of the data (figure 1d). The transform converts a
waveform (the day-night rhythm in this instance) into its
different frequency components—the transform is shown
in the main panel of figure 1d, and the lowest frequency com-
ponents are shown in the inset in figure 1d. As expected,
the main component had a frequency of 1 per 24 h (the
dotted line in the inset in figure 1d corresponds to a frequency
of 1 per 24 h), and the amplitude of this component was
significantly reduced following sustained B-adrenergic
receptor blockade (figure 1e). Figure 1d shows that the ampli-
tude of higher-frequency components was also reduced
following sustained B-adrenergic receptor blockade. In con-
clusion, the day-night rhythm in heart rate in vivo was
significantly dampened following sustained B-adrenergic
receptor blockade.

To study the effect of sustained B-adrenergic receptor
blockade on the intrinsic pacemaker activity of the sinus
node, extracellular potentials were recorded from the sinus
node isolated at ZT 0 and ZT 12 from control mice and
mice following sustained B-adrenergic receptor blockade.
The beating rate of the isolated sinus node was significantly
higher at ZT 12 as compared with ZT 0 in control mice, but
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Figure 1. Effect of sustained 3-adrenergic receptor blockade on the day—night rhythm in heart rate. (a) Mean hourly uncorrected (solid lines) and activity-corrected
(dashed lines) heart rate measured by telemetry over a 24 h cycle in control and propranolol-treated mice (n =7 or 8 per group). (b) Activity-corrected heart rates
measured by telemetry during the day (12 h light period) and night (12 h dark period) in control and propranolol-treated mice (n = 6—8 per group). (c) Activity-
corrected heart rates measured over 1h by telemetry at ZT 6 and ZT 12 in control and propranolol-treated mice (n = 6-8 per group). (d) Mean fast Fourier
transform of the heart rate (not activity-corrected) from control and propranolol-treated mice over at least 48 h (n =6 per group). Inset shows details of the
transform at the lowest frequencies (dotted line shows a frequency of 1 per 24 h). (e) Amplitude of the 1 per 24 h component of the fast Fourier transform
in control and propranolol-treated mice (n = 6 per group). (f) Ex vivo beating rate measured by extracellular potential recording in right atrial preparations isolated
at ZT 0 and ZT 12 from control (n =9 or 10 per time point) and propranolol-treated (n = 6 per time point) mice. (g) Difference in the beating rate between ZT 12
and ZT 0 (same data as in (f)). prop., propanolol. Differences were tested for statistical significance using a mixed-effects model with Sidék’s multiple comparisons
test (b,cf) or Student’s t-test (e,g). p-values shown; n.s., not significant. Data are shown as means (d), means + s.e.m. (a), and means + s.e.m. and individual
biological replicates (b,c.e—g). (Online version in colour.)

in mice following sustained B-adrenergic receptor blockade there was no change in the beating rate at ZT 0 (figure 1f).
this difference was abolished (figure 1f,g). Interestingly, this These effects are consistent with data from mice in vivo
was the result of a reduction of the beating rate at ZT 12; (figure 1a—g). In conclusion, the day—night rhythm in intrinsic
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Figure 2. Heat maps of transcripts that retained (both), lost (control) or gained (propranolol) rhythmicity in the sinus node after sustained 3-adrenergic receptor
blockade. Mean expression of transcripts showing a day—night rhythm (confirmed by JTK_CYCLE) in both control and propranolol-treated mice or just control or
propranolol-treated mice is shown at ZT 0, 6, 12 and 18 (n =4 or 5 per measurement). Expression is colour-coded according to the Z-score (deviation from the mean
measured in terms of s.d.) and goes from red (low expression) to green (high expression). Transcripts in each section are ordered by the time of peak expression
(LAG value from JTK_CYCLE). Heatmaps constructed using the online tool heatmapper.ca without clustering. (Online version in colour.)

sinus node pacemaking was abolished following sustained
B-adrenergic receptor blockade.

(c) Local circadian clock transcripts in the sinus
node retain their rhythmicity following sustained
[3-adrenergic receptor blockade

We have previously shown that there is a local circadian
clock in the sinus node and in addition there is a day—night
rhythm in pacemaker ion channel transcripts (e.g. in Hcn4)
and this is responsible for or plays a role in the day—night
rhythm in heart rate [17,18]. Previously we suggested that
the local clock is driving the day—night rhythm in pacemaker
transcripts [17,18]. TagMan quantitative polymerase chain
reaction (qPCR) array cards were therefore used to look
for changes in transcripts that could be responsible for the
attenuation of the day-night rhythm in heart rate following
sustained B-adrenergic receptor blockade. The expression of
90 transcripts involved in circadian clock function and sinus
node pacemaking was measured at four time points across
the 24 h cycle (ZT 0, 6, 12 and 18) in control mice and mice fol-
lowing sustained B-adrenergic receptor blockade. Statistical

significance of 24 h oscillations was tested using JTK_CYCLE
software [23]. In total, 51 of the 90 transcripts showed statisti-
cally significant day—night rhythms (figure 2); of these, 17
transcripts were rhythmic in both groups of mice. A further
26 transcripts were rhythmic in the control mice only, and
eight genes were uniquely rhythmic in the mice following
sustained B-adrenergic receptor blockade.

Surprisingly, most of the transcripts that retained rhyth-
micity in the mice following sustained p-adrenergic receptor
blockade were circadian clock transcripts or transcripts for
established clock-controlled transcription factors. Rhythmi-
city was retained in the core circadian clock transcripts
(Bmall, Clock, Per1, Per2, Per3 and Cry1; figure 3a—f), although
Clock (figure 3b) and Per3 (figure 3e) displayed increased
amplitude. However, rhythmicity was lost in Cry2
(figure 3g). Rhythmicity was also lost in Csnkle (casein
kinase 1le; figure 3h), which phosphorylates PER proteins to
mark them for degradation. Both Nrldl (Rev-Erbao;
figure 3i) and Nr1d2 (Rev-Erbp; figure 3j) retained rhythmi-
city, but oscillated with increased amplitude. While no
change was observed in Bhlhe40 (DECI; figure 3k), a phase
advance and reduction in amplitude was observed for
Bhlhe41 (DEC2; figure 3I). The clock-controlled output
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Figure 3. Expression of sinus node clock transcripts and transcripts for clock-controlled transcription factors across the 24 h cycle in control and propranolol-treated
mice. In this and similar figures, transcript expression is shown at ZT 0, 6, 12 and 18 in control and propranolol-treated mice (n =4 at ZT 0 for the control mice;
otherwise n =5 for each time point and group); expression at ZT 0 is replotted at ZT 24 as a visual aid. Data (shown as means + s.e.m.) are normalized to the ZT 0
mean in control mice. In the case of transcripts showing a significant day—night rhythm (as determined by JTK_CYCLE), the data are fitted with a sine wave shown
as a solid line. In the case of transcripts not showing a significant day—night rhythm, the data are fitted with a sine wave to quide the eye, but it is shown as a
dotted line. The adjusted p-value (from JTK_CYCLE) and R? value (measure of the goodness of fit of the sine wave to the mean data; from GraphPad Prism version
9) for the control and propranolol-treated conditions are shown. (Online version in colour.)

transcription factor transcripts, Dbp, Tef and HIf, also dis-
played an increased amplitude of oscillation (figure 3m-o).
A 24 h oscillation in circadian clock transcripts in the left
ventricle also persisted following sustained B-adrenergic
receptor blockade (with the exception of Csnkle; electronic
supplementary material, figure S4).

(d) Abolition of the day—night rhythm in pacemaker
ion channel transcripts in the sinus node following

sustained [-adrenergic receptor blockade
A loss of the day-night rhythm in many important pace-
maker ion channel transcripts was observed in the sinus
node following sustained B-adrenergic receptor blockade.
For example, there was a loss of a significant day-night
rhythm in the case of Hcn4 (figure 4a) and the less abundant

isoform, Henl (figure 4b); we have previously demonstrated
that Hcen4 plays an important role in the day—night rhythm
in heart rate [17], and therefore the loss of its rhythmicity
may play an important role in the reduction in the day-
night rhythm in heart rate following sustained B-adrenergic
receptor blockade. Rhythmicity was also lost in transcripts
for the voltage-gated Ca®* channel, Cacnalc (Ca,1.2;
figure 4c), and the Ca?* channel accessory subunit,
Cacna2d? (Ca,0282; figure 4d), which is known to be upregu-
lated in the sinus node compared with the working
myocardium [24,25]. Following sustained B-adrenergic
receptor blockade, rhythmicity in the Na*~Ca®* exchanger
Slc8al (NCX1; figure 4e) and the ryanodine receptor Ryr2
(figure 4f) was lost. The Ryr3 isoform retained rhythmicity,
but oscillated with a dampened amplitude and an altered
phase (electronic supplementary material, figure S5a). Several
K" channel transcripts were altered following sustained
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Figure 4. Expression of sinus node ion channel and Ca’*-handling transcripts across the 24 h cycle in control and propranolol-treated mice. In all cases, the
transcripts show a significant day—night rhythm in control but not propranolol-treated mice. (Online version in colour.)

B-adrenergic receptor blockade. Transcripts for the transient
outward K" channels Kcnd2 (K,4.2; figure 4¢) and Kcend3
(K4.3; figure 4h) lost rhythmicity, whereas transcript for the
transient outward K" channel Kcna4 (K 1.4; electronic sup-
plementary material, figure S5b) oscillated at increased
amplitude with higher expression. Transcript for the delayed
rectifier K" channel Kena5 (K1.5; electronic supplementary
material, figure S5c) displayed a phase alteration, whereas
other delayed rectifier K" channel transcripts, Kenh2 (ERG;
figure 4i) and Kcngl (KvLQT1; figure 4j), lost rhythmicity.
Transcripts for the inward rectifier K" channels Kncj2,
Kenjb, Kenj8 and Kenjll (K21, Ky 3.4, Ky6.1 and K;6.2;
figure 4k-n), as well as miscellaneous K" channels (Kcnn2/
SK2 and Abcc8/SURT1,; figure 4o,p) also lost rhythmicity. Inter-
estingly, several ion channel transcripts (Scnlb, Kcnn3/SK3,
Clcn2 and Abcc9/SUR?2; electronic supplementary material,
figure S5d-g) and two gap junction transcripts (Gjal/Cx43
and Gja5/Cx40) gained rhythmicity following sustained B-
adrenergic receptor blockade (electronic supplementary
material, figure S5h,1).

In summary, following sustained B-adrenergic receptor
blockade, there was a loss of the day—night rhythm in important
pacemaker ion channel transcripts in the sinus node, such as
Hcn4, and this can explain the loss or reduction of the day-
night thythm in heart rate following sustained B-adrenergic
receptor blockade. However, key circadian clock transcripts in
the sinus node retained their rhythmicity following sustained
pB-adrenergic receptor blockade and this has important impli-
cations for our understanding of the mechanism underlying
the day—night rhythm in the pacemaker transcripts (see
Discussion).

Following sustained p-adrenergic receptor blockade, we
also observed alterations in the rhythmic expression of several
transcripts in the left ventricle that are known to underpin exci-
tation—contraction coupling, including Ryr2, Slc8al and Pin
(ryanodine receptor, N. at-Ca* exchanger and phospholamban;
electronic supplementary material, figure S6a—c). Interestingly,
in the left ventricle, there was a marked change in Kcnd2
(K\4.2; electronic supplementary material, figure S6f), which
has previously been shown to be altered in the ventricle
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Figure 5. Expression of transcripts for sinus node-specific and ubiquitous transcription factors across the 24 h cycle in control and propranolol-treated mice. (Online

version in colour.)

following sustained double autonomic blockade [20], and in
Kenh2 (ERG; electronic supplementary material, figure S6g),
which is known to be regulated by the local cardiac circadian
clock [26].

(e) Sinus node transcription factors lose rhythmicity
following sustained [-adrenergic receptor blockade

Several transcription factor transcripts known to be important
for regulating the development and function of the sinus
node show a day—night rhythm [18]. Following sustained
pB-adrenergic receptor blockade, Shox2 (short stature homeobox
2; figure 5a) and Tbx3, Tbx5 and Tbx18 (T-box transcription
factor transcripts; figure 5b—d)—all of which were enriched
in the sinus node compared with the left ventricle (data
not shown)—lost their rhythmicity. Two additional cardiac-
enriched transcription factor transcripts also displayed
perturbed rhythms: Gata6 (GATA-binding protein 6; figure 5e)
and Mef2c (myocyte enhancer factor 2c; figure 5f). Three ubiqui-
tously expressed transcription factor transcripts, which are
known to play a role in maintaining the cardiac gene pro-
gramme, were also altered following sustained B-adrenergic

receptor blockade: Srf (serum response factor; figure 5¢) and
Kif4 (Kruppel-like factor 4; figure 5h) lost rhythmicity, while
KIf15 (Kruppel-like factor 15; reported to regulate 75% of
the oscillatory transcripts in the heart [27]) showed a phase
delay (figure 5i). It is possible that the loss of the day—night
rhythm in these transcription factors plays a role in the loss of
the day-night rhythm in the pacemaker transcripts. Mef2c
and Kifl5 oscillations were also altered in the left ventricle
(electronic supplementary material, figure Sé6p,4).

(f) Hcn4 function is altered following sustained -

adrenergic receptor blockade
Figure 6a shows the heart rate in vivo at ZT 0 and ZT 12 in
control mice and the mice following sustained B-adrenergic
receptor blockade under baseline conditions and after the
injection of ivabradine to block the funny current, It (for
which Hcn4 and other Hcn transcripts are responsible).
Figure 6a shows that the day—night difference in heart rate
was abolished by block of I by ivabradine; the day-night
difference in heart rate also tended to be smaller (by approxi-
mately 35%; p=0.12) following sustained B-adrenergic
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Figure 6. Evidence that the suppression of the day—night rhythm in heart rate in propranolol-treated mice is the result of the loss of the day—night rhythm in HCN
pacemaker ion channels. (a) In vivo heart rate (not activity-corrected) measured by ECG telemetry after intraperitoneal injection of the HCN blocker ivabradine
(6mgkg™") at ZT 0 and ZT 12 in control (n=3 or 4 per time point) and propranolol-treated (n=5 or 7 per time point) mice. Baseline average heart
rate at ZT 0 and ZT 12 was calculated for 1 h over several days. In the case of ivabradine (iva), heart rate was calculated as the mean over 30 min starting
10 min after the injection at ZT 0 and ZT 12. Time-dependent differences were tested for statistical significance using a two-way ANOVA with Tukey’s multiple
comparisons test. (b) Effect of ivabradine on the heart rate at ZT 0 and ZT 12 in control and propranolol-treated mice. From the same data as (a). (c) Beating
rate of the sinus node isolated from control and propranolol-treated mice at ZT 0 and ZT12 after block of the funny current, /;, by 2 mM Cs* (n = 5-10 per time
point and group). Differences were tested for statistical significance using a two-way ANOVA with Sidak’s or Tukey’s multiple comparisons test. Means + s.e.m. and

individual biological replicates shown. (Online version in colour.)

receptor blockade. The effect of Iy block by ivabradine on
heart rate (figure 6b) is a measure of the functional impor-
tance of It. Block of I by ivabradine had a substantial effect
on heart rate at ZT 12 in the control mice, but a significantly
smaller effect at ZT 0 in the control mice (figure 6b)—this is
consistent with a greater functional importance of I at
ZT12 (presumably due to a higher expression of HCN chan-
nels as a result of the day-night rhythm in Hcn transcripts
shown in figure 4), which in turn can explain the higher
heart rate at ZT12 (figure 1). However, after sustained B-adre-
nergic receptor blockade, the effect of ivabradine was not
statistically different at ZT 0 and ZT 12 (figure 6b). This is
consistent with the hypothesis that the day-night rhythm in
heart rate involves a day—night rhythm in Hen4 (and possibly
other Hcn transcripts), and the reduction in the day-night
rhythm in heart rate following sustained B-adrenergic

receptor blockade shown in figure 1 is the result of the loss of
the day—night rhythm in Hen transcripts. Figure 6¢c shows that
in the isolated sinus node after the application of 2 mM Cs*
to block I; there is no day—night rhythm in the intrinsic pace-
maker activity of the sinus node in either control mice or mice
following sustained p-adrenergic receptor blockade.

3. Discussion

This study demonstrates for the first time that sustained
pharmacological block of the sympathetic nervous system
diminishes or abolishes the normal day—night rhythm in sev-
eral sinus node pacemaker ion channel transcripts (figure 4),
intrinsic sinus node pacemaking (figure 1f,¢) and the heart
rate in vivo (figure 1la-e). This could not be attributed to
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disruption of the local circadian clock (figure 3), and we pro-
pose that rhythmic B-adrenergic input to the heart is
necessary to orchestrate day-night rhythms in ion channel
expression and intrinsic pacemaker function. The observed
dysregulation of tissue-specific transcription factors following
sustained B-adrenergic receptor blockade (figure 5) provides
a potential mechanism by which this is mediated.

(a) Mechanism underlying the day—night rhythm in

heart rate

Previously we have suggested that a day—night rhythm in the
expression of sinus node pacemaker ion channels, in particu-
lar HCN4, is either responsible for or plays an important role
in the day—night rhythm in heart rate [17]. The results from
this study are consistent with this: sustained B-adrenergic
receptor blockade diminished or abolished the day-night
rhythm in important sinus node pacemaker ion channel tran-
scripts including Hen4 (figure 4), the day—night rhythm in the
sensitivity of heart rate to block of HCN4 (and other HCN
channels) by ivabradine (figure 6b), and of course the intrin-
sic pacemaker activity of the sinus node and the heart rate
in vivo (figure 1).

(b) Working hypothesis of how the sympathetic
nervous system is involved in the day—night
rhythm in heart rate

How is the sympathetic nervous system involved in the day-
night rthythm in heart rate? We and others have shown that
short-term B-adrenergic receptor blockade has little effect on
the day—night rhythm in heart rate [1,17], ruling out a dominant
role for short-term regulation of pacemaker single-ion channel
conductances. Another possibility is that the sympathetic ner-
vous system controls the local circadian clock and thereby
pacemaker ion channel gene transcription; there is some
evidence that the sympathetic nervous system can influence
the clock [16,28,29]. However, this study showed little or no
evidence of this—the day—night rhythms of key circadian
clock transcripts were largely unchanged following sustained
B-adrenergic receptor blockade (figure 3; see also electronic sup-
plementary material, figure S4). Similar results have been
obtained by others: rhythmicity in cardiac clock gene expression
is maintained in Dbh™/~ mice, which are deficient in dopamine
B-hydroxylase, an enzyme required for catecholamine synthesis
[30]. Furthermore, in studies of sustained blockade of the sym-
pathetic nervous system in mice and rats, rhythmicity in atrial
and ventricular clock transcripts continued [20,31].

Our working hypothesis is that the day-night rhythm in
sympathetic activity directly causes (or contributes to—see
below) a day-night rhythm in jon channel transcription;
this explains why the rhythms in ion channel transcription
are disrupted with sustained B-adrenergic receptor blockade.
The regulation of gene transcription by p-adrenergic signal-
ling can occur via multiple signalling cascades, including
those involving the protein kinases Ca**/calmodulin-depen-
dent protein kinase (CaMK) and mitogen-activated protein
kinases. Each of these signalling pathways can phosphorylate
the ubiquitous transcription factor CREB, which promotes
gene expression by binding to cAMP response elements
(CREs) at target genes. Transcriptional regulation via these
mechanisms has been reported for the L-type Ca®" channel

subunits Cacna2dl1 (Ca,028) and Cacnb3 (Ca,p3) [32], and var- n

ious K* channels, Kcna4 (K,1.4), Kenab (K1.5), Kend2 (K 4.2)
and Kcnd3 (K4.3) [33,34]. This has not been investigated for
Hcn4, but conserved CRE motifs are enriched in its promoter
region (data not shown). It may be relevant that various
CREB subunit transcripts (Crebl, Creb3, Creb5, Creb3l1 and
Creb313) show a significant day—night rhythm in the mouse
sinus node (analysis of data in Wang et al. [18]). The day-
night rhythm in Crebl is shown in electronic supplementary
material, figure S7. pB-Adrenergic signalling-mediated regu-
lation of pacemaker ion channel transcription may be via
transcription factors known to regulate pacemaking ion chan-
nel expression. As shown in figure 5, sustained B-adrenergic
receptor blockade resulted in the loss of the day-night
rhythm in transcripts for (i) the sinus node-specific Shox2
[35], (i) Tbx3 and Tbx18, which regulate the pacemaking
phenotype and can promote ectopic Hcn4 expression
[36,37], and (iii) Mef2c, which is a direct regulator of Hcn4
[38]. B-Adrenergic regulation of MEF2 transcription factors
at least is well-established [38].

Although sustained B-adrenergic receptor blockade
results in the loss of the day—night rhythm in ion channel
transcripts, including Hcn4, in the sinus node (figure 4), we
have previously shown that there is a functioning circadian
clock in the sinus node, and cardiac-specific knockout of
Bmall, a key clock transcript, also results in the loss of the
day-night rthythm in Hcn4 [17]. There is a well-established
day-night rhythm in plasma cortisol, and suppression of
this results in the loss of the day—night rhythm in ion channel
transcripts in the left ventricle (unpublished findings).
Finally, in mouse heart, knockout of KIf15 has been reported
to result in the loss of the day—night rhythm of 75% of the
normally rhythmic transcripts [39]. These seemingly conflict-
ing findings can be explained by combinatorial control of
gene expression—because the number of genes far exceeds
the number of transcription factors, many genes are con-
trolled by several different transcription factors (binding at
a cis-regulatory or enhancer site), with a specific combination
needed for the gene to be transcribed [40]. For example, it is
feasible that transcription of Hcn4 requires both adrenergic
signalling (and CREB) and the local clock (and BMAL1T),
which may explain why abrogation of either leads to the
loss of the day—night rhythm in Hcn4.

4. Conclusion

This study has shown an important but non-canonical role of
the sympathetic nervous system in the day-night rhythm in
heart rate. Surprisingly, this does not involve the short-term
regulation of pacemaker ion channels. Instead, it involves the
regulation of rhythmic pacemaker ion channel transcription.

5. Material and methods

All animal experiments were performed on male C57BL/6] mice
approximately 10 weeks of age and were approved by the
University of Manchester in accordance with the UK Animals
(Scientific Procedures) Act 1986. Propranolol was administered
to some mice via the drinking water as in previous studies
(e.g. [21]); control mice received standard drinking water (pro-
pranolol-free). The heart or beating rate was recorded from the
ECG in conscious freely moving mice using telemetry, in
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conscious but constrained mice using an ECGenie, in anaesthe-
tized mice using standard electrodes, and in the isolated sinus
node using extracellular potential recording. Finally, mice were
sacrificed by cervical dislocation and biopsies collected from
the sinus node and mid-left ventricular free wall. RNA was iso-
lated and reverse transcribed to generate cDNA and then the
qPCR was used to measure the expression of 90 transcripts. Stat-
istical analyses were carried out using a range of tests. Means +
s.e.m. are shown in figures. Full details of the methods used are
given in the electronic supplementary material.

All animal experiments were performed on male C57BL/6]
mice approximately 10 weeks of age and were approved by the Uni-
versity of Manchester in accordance with the UK Animals (Scientific
Procedures) Act 1986.

The data are provided in the electronic supplementary

material [41].
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