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Abstract

The aim of this study was to investigate the effects on spontaneous beating

rate of mouse atrial preparations following selective block of cardiac “funny”

(f) channels, I(f), and/or suppression of sarcoplasmic reticulum (SR) function

in the absence and presence of b-adrenoceptor stimulation. ZD7288 [to block

I(f)] caused a substantial reduction (222 � 13 bpm) in beating rate from

431 � 14 to 209 � 14 bpm, ryanodine alone (to block SR Ca2+ release)

reduced beating rate by 105 � 11 bpm, with subsequent addition of ZD7288

further reducing rate by 57 � 9 bpm. Cyclopiazonic acid (CPA) alone (to

inhibit Ca2+ reuptake by the SR) reduced beating rate by 148 � 13 bpm with

subsequent addition of ZD7288 further reducing rate by 79 � 12 bpm. In

additional experiments measuring Ca2+ transients in the SA node region using

Rhod-2, effects of ivabradine and ZD7288 on rate were again substantially

reduced after CPA. Effects of CPA alone on rate developed much more slowly

than effects on Ca2+ transient amplitude. ZD7288, ivabradine, and CPA

reduced the slope and maximum response of the log(concentration)–response
curves for effects of isoprenaline on beating rate. Very little response to iso-

prenaline remained after treatment with CPA followed by ZD7288. Similar

changes in isoprenaline log(concentration)–response curves were seen in gui-

nea pig preparations. These observations are consistent with a role for Ca2+

released from the SR in regulating I(f) and therefore beating rate of SA node

preparations; there appear to be additional contributions of SR-derived Ca2+

to effects of b-adrenoceptor stimulation on beating rate that are independent

of I(f).

Introduction

Despite its medical importance, the mechanisms underly-

ing regulation of spontaneous heart rate by specialized

muscle cells in the natural pacemaker of the sinoatrial

node remain controversial. Our work has highlighted the

importance of mechanisms dependent on Ca2+ release

from the sarcoplasmic reticulum (SR) both in the absence

and presence of b-adrenoceptor stimulation (Rigg and

Terrar 1996; Rigg et al. 2000; see also Vinogradova et al.

2002). Lakatta and coworkers have emphasized the

importance of a “calcium clock” arising from mechanisms

involving spontaneous calcium release from the SR

(Vinogradova et al. 2004), suggesting that such a “cal-

cium clock” might exert a dominant influence over a

“membrane clock” (in which the timing mechanism is

dependent on the sequential activation and deactivation

of membrane ion channels), though recent work proposes

a coupled-clock mechanism involving integration of both

calcium and membrane clocks (e.g., Lakatta et al. 2010;

Yaniv et al. 2015). DiFrancesco has debated the impor-

tance of the calcium clock with Lakatta, and attributes a

major role to the I(f) current activated by hyperpolariza-

tion and regulated by cAMP (Lakatta and DiFrancesco
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2009; DiFrancesco 2010). Work from Noma and cowork-

ers has led them to question the role of cytosolic Ca2+,

including that released from the SR, emphasizing the

dominance of the membrane clock but assigning a less

important role to I(f), at least in the absence of b-adreno-
ceptor stimulation (Himeno et al. 2011; although see

Capel and Terrar 2015a). The diversity of Ca2+-dependent

mechanisms for the control of pacemaker activity has

been recently reviewed (Capel and Terrar 2015b). The

purpose of the work presented here was to use drugs to

assess the importance of these mechanisms both in the

absence of autonomic or hormonal influences and in the

presence of b-adrenoceptor stimulation.

The protein ion channel that carries I(f) is made up of

HCN (Hyperpolarization activated Cyclic Nucleotide reg-

ulated) subunits 1–4, with HCN4 probably playing the

most important role in the heart. Genetic work shows

that suppression of HCN4 slows but does not abolish

spontaneous activity (Mesirca et al. 2014). In the case of

selective I(f) inhibitors, ZD7288 (BoSmith et al. 1993) is

an established experimental tool, and more recently ivab-

radine (a clinically used bradycardic agent) has become

available (Bois et al. 1996 & Bucchi et al. 2002). We used

a combination of these drugs with the aim of selectively

blocking most, if not all, of the I(f) current. We also used

agents to suppress SR function, ryanodine, and cyclopia-

zonic acid (CPA, a selective inhibitor of Ca2+ uptake into

the SR, Seidler et al. 1989), which have both previously

been shown to reduce spontaneous beating rate in the

absence of other drugs and hormones (Rigg and Terrar

1996). Ryanodine also decreases the positive chronotropic

effect of isoprenaline, reducing the slope and maximum

response of the log(concentration)–response curve to this

agonist measured in intact guinea pig sinoatrial node

preparations and in single myocytes isolated from rabbit

sinoatrial node (Rigg et al. 2000; Vinogradova et al.

2002). Experiments were carried out both with and with-

out the use of Ca2+ probes to measure cytosolic Ca2+.

The spontaneously beating atrial preparation, dissected

free of the AV node and the underlying ventricles, was

chosen for some experiments because it was thought that

such experiments approximate physiological conditions

(although these preparations are removed from neuronal

and hormonal influences that would otherwise occur in

the whole animal). For experiments in which cytosolic

Ca2+ was to be measured using Rhod-2, the preparations

were subjected to additional dissection to reveal the

translucent region in the right atrium adjacent to the

crista terminalis. This translucent region contains the site

of origin of pacemaker activity (see below) and was visu-

alized with an EMCCD camera in experiments in which

the amplitude and timing of Ca2+ transients were mea-

sured.

Methods

All procedures involving animals were approved by the

Oxford University ethics board in accordance with the

Home Office (UK) Code of Practice and Animals (Scien-

tific Procedures) Act 1986 guidelines. Schedule 1 was per-

formed on male CD1 mice and guinea pig by initial

stunning followed by cervical dislocation. The heart was

rapidly excised and placed in a chamber with a Sylgard�

(Dow Corning) base containing oxygenated Physiological

Salt Solution (PSS) at room temperature. The ventricles

were dissected away leaving intact isolated atrial prepara-

tion.

Organ bath atrial node preparations

Following the removal of ventricles, nonabsorbable

braded silk-waxed suture (Pearsalls Ltd., Taunton, MA)

was used to carefully tie a basic surgical knot around the

lateral wings of the two atria. The preparation was then

transferred to a 20 mL organ bath containing 10 mL oxy-

genated PSS, warmed by a water jacket to 37°C. The atria

were mounted vertically such that the left atrium was

attached to a metal hook positioned at the bottom of the

organ bath and the right atrium was attached to an iso-

metric force transducer (AD Instruments, Oxford, UK).

The beating rate was calculated from the interval between

contractions using Chart 5 software. The beating rate was

also calculated using an extracellular electrode placed

close to the SAN region to record a compound action

potential signal. The beating rate was calculated from the

interval between individual extracellular voltage signals

associated with compound action potentials using Chart 5

software. Thirty-minute incubation of the tissue with SR

inhibitors, MDL-12330A, ivabradine, and ZD7288 was

required to reach a reduced plateau steady beating rate.

The rate (beats per minute) was measured from beats

sampled over a period of approximately 20 sec. The

preparation was allowed to stabilize for 45 min before an

experiment was carried out.

Optical Ca2+ transient measurement
sinoatrial node preparation

Vessels and connective tissue from the external surface of

the isolated atrial preparation surrounding the superior

vena cava were carefully removed without interfering with

the posterior wall of the node. The preparation was then

transferred to a 20-mL chamber (with Sylgard base) con-

taining 10 mL of oxygenated PSS. Next the atrial prepara-

tion was pinned to the Sylgard base and positioned so that

the left atrium was on the right with the superior vena cava

at the top. The right atrium was opened in order to expose
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the sinoatrial node area by making incision from the bot-

tom of the right atrium toward the superior vena cava. This

in turn exposed crista terminalis bands from the left-hand

side of the right atrium. Anatomically the sinoatrial node

region differs from atrial tissue by being translucent and

positioned close to the crista terminalis and away from the

interatrial septum. The exposed beating atrial preparations

were then kept at 34°C (to reduce the extrusion of the Ca2+

probe) and incubated in PSS for 30 min with 10 lmol/L

blebbistatin, followed by 45 min incubation with 4 lmol/L

Rhod-2, AM. The solution was then replaced with PSS con-

taining 10 lmol/L blebbistatin; the preparation was

allowed to stabilize for 10 min before experimentation.

The location of the leading pacemaker site was observed as

a stable fluorescence signal resulting from excitation of

Rhod-2, originating from right atrium site near the supe-

rior vena cava where the SAN is anatomically defined.

Upon detection of the leading pacemaker site we selected

region of interest corresponding to an area of 375 by

375 lm from its central core to record Ca2+ transients.

Under the conditions of our experiments the leading pace-

maker site remained stable during application of drugs.

Thirty-minute incubation of the tissue with SR inhibitors

and ZD7288 was required to reach a reduced plateau steady

beating rate. The recording was sampled over 10 sec at a

frame rate of 3000 frame/sec. The above procedures did

not interfere with the spontaneous rhythm or cause any

irregularities of the rhythm. In particular, little or no

change in heart rate was detected by a surface electrode to

record extracellular compound action potentials following

application of blebbistatin and Rhod 2 (see Fig. 4C).

Imaging system for Ca2+ transient
measurements

For illumination, we used four green LEDs with band-

pass filters, 560/50 nm, to excite the Ca2+ sensitive dye

(Rhod-2 AM). Emission filter, ET585/40 nm, was used

for the collection of emitted fluorescent (purchased from

Cairn Research Ltd., Kent, UK). An EMCCD camera with

128 9 128 pixels (Evolve 128 Photometrics, Tucson) was

used for optical recordings. The sinoatrial node prepara-

tion was exposed to light only during image acquisition.

The acquired fluorescent signal was visualized and quanti-

fied using custom software kindly provided by Gil Bub

(Department of Physiology, Anatomy and Genetics,

University of Oxford). Ca2+ transients were analyzed

using the pCLAMP software.

Solutions and chemicals

Physiological salt solution (PSS) was prepared daily and

contained (mmol/L) 125.0 NaCl, 25.0 NaHCO3, 5.4 KCl,

1.2 NaH2PO4, 1.0 MgCl2, 5.5 glucose, 1.8 CaCl2, and the

solution was aerated with 95% O2/5% CO2 to maintain a

pH of 7.4. ZD7288, ryanodine, MDL12330A, and ivabra-

dine were from Tocris Inc. Rhod-2, AM, was from Life

Sciences Technologies. All other chemicals were from

Sigma Co. Except for isoprenaline and ryanodine, which

were dissolved in distilled water, all other chemicals were

dissolved in dimethyl sulfoxide (DMSO).

Drug exposure times

For ZD7288, ivabradine, ryanodine, and MDL12330A an

exposure time of at least 30 min was allowed, since it was

found that there was a slow decline of spontaneous rate

to a plateau steady state within this period. Spontaneous

beating was generally regular during exposure to drugs,

and any periods of irregularity were avoided for measure-

ments of spontaneous rate.

Statistical data analysis

Results are expressed as means � SEM, n = number of

experiments. GraphPad prism (version 5.0) software was

used to perform statistical analysis including Student’s t-

test and two-way analysis of variance (ANOVA), Bonfer-

roni posttest (significance level, P < 0.05).

Results

Effects of I(f) blockade and suppression of
SR function on spontaneous beating rate in
the absence of b-adrenoceptor stimulation

Initially, we used ZD7288 (1 lmol/L) to investigate the

effect of I(f) inhibition on spontaneously beating mouse

atrial preparations (organ bath experiments in the absence

of Ca2+ probe). The tissue was incubated with ZD7288

for 30 min, and during this time the beating rate reached

a new lower steady state. Inhibition of I(f) with 1 lmol/L

ZD7288 caused an approximate halving of the sponta-

neous beating rate. The spontaneous beating rate was

reduced by 52 � 5%, a reduction of 222 � 13 bpm from

a resting beating rate of 431 � 14 bpm to 209 � 14 bpm

(P < 0.05, n = 9, Fig. 1).

To evaluate the contribution of Ca2+ release from the

SR on the spontaneous beating rate, we then used either

ryanodine (to block Ca2+ release) or cyclopiazonic acid

(CPA, to suppress SR function by inhibiting Ca2+

uptake). Thirty-minute incubation of the tissue with SR

inhibitors was required to reach a reduced plateau steady

beating rate. In the case of 30 lmol/L ryanodine, the

spontaneous beating rate was reduced by 25 � 6%, a

reduction of 105 � 11 bpm from a resting beating rate of
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425 � 18 bpm to 320 � 17 bpm (P < 0.05, n = 6). With

100 lmol/L CPA, the spontaneous beating rate was

reduced by 36 � 4%, a reduction of 148 � 13 bpm from

413 � 19 bpm to 265 � 14 bpm (P < 0.05, n = 7).

We then investigated the effect of ZD7288 in slowing

the spontaneous beating rate, but with initial suppression

of Ca2+ release from SR (either with ryanodine or CPA).

Compared with the 222 � 13 bpm slowing reported

above, the effects of ZD7288 on spontaneous beating rate

after ryanodine or CPA appeared to be less than in the

absence of drugs to suppress SR function: after ryanodine

the change in beating rate was 57 � 9 bpm (P < 0.05 for

comparison of effects of ZD7288 in the presence and

absence of ryanodine, n = 6 for both datasets) and after

CPA the change in beating rate was 79 � 12 bpm

(P < 0.05, for comparison of effects of ZD7288 in the

presence and absence of CPA, n = 6 for both datasets).

Thirty-minute incubation of a tissue with ZD7288 was

performed after the 30-min preincubation with SR inhibi-

tor to reach a further reduced plateau steady-state beating

rate.

The results of these experiments provide support for

the hypothesis that the effects of blockade of I(f) on

spontaneous rate are less when SR function is suppressed,

perhaps because this leads to changes in cytosolic Ca2+

that affects Ca2+-sensitive adenylyl cyclases (Mattick et al.

2007). These enzymes can regulate cAMP and therefore

influence I(f) (see Discussion).

Adenylyl cyclases (including those stimulated by

cytosolic Ca2+) can be inhibited by MDL12330A (Grupp

et al. 1980; Kanda and Watanabe 2001). We therefore

investigated whether the slowing effect of ZD7288 on

spontaneous beating rate might be influenced by pretreat-

ment of the preparation with 10 lmol/L MDL12330A (al-

lowing 30-min incubation for the beating rate to be

reduced to a plateau steady beating rate). Exposure to

MDL12330A reduced the basal beating rate from

443 � 24 bpm to 131 � 20 bpm (a reduction of

70 � 4% expressed as % resting rate, P < 0.05, n = 6)

(Fig. 2). Under these conditions, addition of ZD7288 did

not produce a statistically significant further reduction

relative to MDL12330A alone (131 � 20 to

124 � 10 bpm, a reduction of 5 � 4%, P > 0.05, n = 6).

It therefore appears that the effect of ZD7288 in slowing

the spontaneous beating rate after MDL12330A was sub-

stantially reduced or abolished (7 � 8 bpm, P < 0.05, for

comparison of effects of ZD7288 in the presence and

absence of MDL12330A, n = 6 for both datasets) relative

to the reduction in rate observed in the absence of

MDL12330A (approximately 200 bpm as reported above).

Two questions might be raised concerning the use of

ZD7288 to block I(f): how selective is ZD7288 at the con-

centration used (1 lmol/L), and is blockade of I(f) com-

plete at this concentration? The selectivity of ZD7288 I(f)

inhibition is likely to be high at 1 lmol/L since BoSmith

et al. (1993) found this concentration to have little or no

effect on Ca2+ and K+ currents. We explored whether the

blockade of I(f) was complete by exposing the tissue to

additional drugs to test for further reductions in beating

rate, as might occur if there were significant residual I(f)

in the presence of 1 lmol/L ZD7288. Ivabradine is

reported to be a selective I(f) blocker with little or no

effect on other currents at 3 lmol/L (Bois et al. 1996 &

Bucchi et al. 2002). When ivabradine was added at
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Figure 1. (A) The effect of I(f) inhibition on the spontaneous beating rate of mouse atrial preparations by 1 lmol/L ZD7288 (n = 9), ryanodine

receptor inhibition by 30 lmol/L ryanodine (n = 6), and by the combined application of 30 lmol/L ryanodine + 1 lmol/L ZD7288 (n = 6, Total

represents cumulative change from baseline, while Change represents a relative change after ryanodine), SERCA inhibition by 100 lmol/L CPA

(n = 7) and combined application of 100 lmol/L CPA + 1 lmol/L ZD7288 (n = 6, Total represents cumulative change from baseline, while

Change represents a relative change after CPA). (B) Data presented as percentage change relative to baseline (except for 30 lmol/L ryanodine

+ 1 lmol/L ZD7288, and 100 lmol/L CPA + 1 lmol/L ZD7288 combinations as the % changes are calculated relative to reduced baseline by

ryanodine and CPA, respectively). Data are expressed as mean � SEM, n = number of experiments. GraphPad prism (version 5.0) software was

used to perform statistical analysis including Student’s t-test (significance level, P < 0.05).
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3 lmol/L in the presence of 1 lmol/L ZD7288 there was

little or no further reduction in spontaneous beating rate

(Fig. 3A, 30-min preincubation with ZD7288 followed by

a further 30-min incubation with ivabradine). In this

series of experiments, 1 lmol/L ZD7288 decreased the

spontaneous beating rate from 389 � 18 bpm to

164 � 14 bpm, a reduction of 225 � 12 bpm, 57 � 4%,

P < 0.05, n = 9 (and similar to that reported for the first

series of experiments above). Ivabradine alone (3 lmol/L)

showed a similar effect on spontaneous beating rate, caus-

ing a decrease from 378 � 17 bpm to 159 � 21 bpm, a

reduction of 219 � 20 bpm, 58 � 5%, P < 0.05, n = 10.

When 3 lmol/L ivabradine was added in the presence of

1 lmol/L ZD7288, there was little or no further change

in beating rate (21 � 5 bpm, P > 0.05, n = 8). Experi-

ments were also carried out at higher ZD7288 concentra-

tions (although it is recognized that increasing the

concentration above 1 lmol/L might reduce specificity as

a consequence of additional effects on other channels;

BoSmith et al. 1993). When the concentration of ZD7288
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Figure 2. (A) The effect of AC inhibition by 10 lmol/L MDL12330A (n = 6), 1 lmol/L ZD7288 (n = 9), or by the combination of 1 lmol/L

ZD7288 in the presence of 10 lmol/L MDL12330A (n = 6, Total represents cumulative change from baseline, while Change represents a

relative change after MDL), on the spontaneous beating rate of mouse atrial preparations. (B) Data presented as percentage change. Data are

expressed as mean � SEM, n = number of experiments. GraphPad prism (version 5.0) software was used to perform statistical analysis

including Student’s t-test (significance level, P < 0.05). Note that observations on the actions of ZD alone from Figure 1 are included to

facilitate comparison.
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Figure 3. (A) The effect of I(f) inhibition by 1 lmol/L ZD7288 (n = 9), 3 lmol/L ivabradine (n = 10), and the combination of 1 lmol/L

ZD7288 + 3 lmol/L ivabradine (n = 8, Total represents cumulative change from baseline), (B) 1 lmol/L ZD7288 (n = 6), 3 lmol/L ZD7288

(n = 6, Total represents cumulative change from baseline), and 10 lmol/L ZD7288 (n = 6, Total represents cumulative change from baseline)

on the spontaneous beating rate of mouse atrial preparations. Data are expressed as mean � SEM, n = number of experiments. GraphPad

prism (version 5.0) software was used to perform statistical analysis including Student’s t-test (significance level, P < 0.05).
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was sequentially increased from 1 to 3 to 10 lmol/L, it

was observed that there was little or no further decrease

in beating rate (Fig. 3B, with each concentration being

incubated for 30 min): in this series of experiments,

1 lmol/L ZD7288 reduced the spontaneous beating rate

by 253 � 23 bpm (P < 0.05, n = 6), while increasing the

concentration to 3 lmol/L further reduced the beating

rate by 46 � 9 bpm (P < 0.05, n = 6) and subsequently

increasing the concentration to 10 lmol/L caused a small

additional reduction of 2 � 6 bpm (statistically insignifi-

cant, n = 6). Taken together, these observations are con-

sistent with the view that blockade of I(f) by ZD7288 is

near complete at a concentration of 1 lmol/L (see Dis-

cussion for further consideration of this point).

It was reported above that the reductions in rate caused

by blockade of I(f) appeared to be less when SR function

was suppressed. This apparent reduction in effect could

occur if the activity of the Ca2+-stimulated adenylyl

cyclases AC1 and AC8 were to be at least in part elevated

by Ca2+ released by the SR (Mattick et al. 2007) so that

cAMP levels might be reduced following exposure to

CPA. We therefore investigated the effects of blockade of

I(f) under conditions in which cytosolic Ca2+ was mea-

sured using a fluorescent probe for Ca2+ (Rhod-2, AM).

Blebbistatin (10 lmol/L) was added to suppress contrac-

tion and avoid contraction artifacts in the optical signal

for Ca2+. In order to assess whether blebbistatin or Rhod-

2 had any effect on basal beating rate, an external elec-

trode was used placed close to the SAN region to record

the extracellular compound action potential signal. Forty-

minute incubation with blebbistatin (10 lmol/L) together

with Rhod-2, AM (4 lmol/L) was associated with a small

fall in basal beating rate (17 � 7 bpm, n = 11), but this

reduction in basal beating rate was not statistically differ-

ent from that observed in the absence of Rhod-2 and

blebbistatin (16 � 7 bpm, n = 8, Fig. 4C) over the same

time period. It therefore appears that blebbistatin and

Rhod-2 had little or no effect on spontaneous rate under

these conditions.

Although probenecid can be used to reduce extrusion

of fluorescent probe, this substance was avoided as it has

been implicated to alter the physiology of Ca2+ handling

(Koch et al. 2012). Instead of using drugs to reduce

extrusion of Rhod-2, the temperature was reduced to

34°C since even a small reduction in temperature is

known to reduce extrusion of the Ca2+ probe. The basal

beating rates were therefore slightly slower in experiments

measuring Ca2+ transients than was reported above for

the organ bath experiments at 37°C.
In experiments using Rhod-2, the fall in beating rate

measured over 40 min from intervals between Ca2+ tran-

sients was 29 � 5 bpm or 10 � 1%, P < 0.05, n = 6

(Fig. 4C, control). During this period the amplitude of

the Ca2+ fluorescence transient fell by 36 � 5%, P < 0.05,

n = 6, presumably as a consequence of extrusion of the

Ca2+ probe, and/or possible dye photobleaching (Fig. 4D,

control).

The ivabradine/ZD7288 combination caused a reduc-

tion in beating rate of 199 � 15 bpm or 62 � 3%,

P < 0.05, n = 9, after 40 min (Fig. 4C, Fig. 4A gives rep-

resentative traces), similar to that observed in the absence

of Rhod-2 and blebbistatin (Fig. 1). Over the 40-min per-

iod of exposure to the ivabradine/ZD7288 combination,

the reduction in amplitude of the Ca2+ transient (at

40 min, 45 � 3%) was not significantly different from

the reduction observed in the absence of drugs

(5–40 min, P > 0.05, n = 6, two-way ANOVA, Bonferroni

posttest, n = 9 Fig. 4D). The similarity of the decline in

amplitude of Ca2+ transients in the presence and absence

of ivabradine/ZD7288 shows that there were no substan-

tial effects of these drugs at the concentrations used on

Ca2+ channels, or other aspects of Ca2+ handling. A small

increase in the rate of decline of Ca2+ transients when

ivabradine and ZD7288 were present cannot be ruled out,

and might perhaps result from secondary consequences of

the reduction in rate leading to changes in Ca2+ handling

(see Discussion).

Although the decline of Ca2+ transient amplitude over

time in the presence or absence ivabradine/ZD7288 was

gradual, exposure to CPA caused a rapid reduction in

Ca2+ transient amplitude over the first 5 min by

48 � 1%, P < 0.05, n = 3, at 30 lmol/L or by 57 � 2%,

P < 0.05, n = 6, at 100 lmol/L (Fig. 4D, data for

30 lmol/L are not shown), presumably as a consequence

of the suppression of SR function by inhibition of Ca2+

uptake by SERCA (Seidler et al. 1989). There was then a

further gradual decline in amplitude after the first 5 min

exposure to CPA, which is likely to have been at least in

part caused by dye extrusion and/or photobleaching.

At least some of the effect of CPA on beating rate pre-

sumably results from a reduction in sodium–calcium
exchange current associated with the reduced Ca2+ tran-

sient and suppression of local Ca2+ release events (Huser

et al. 2000; Bogdanov et al. 2001). Such effects might be

expected to develop rapidly over a similar time course to

the initial reduction in Ca2+ transient amplitudes. There

appeared to be a developing further reduction in rate over

the time period from 5 to 30 min exposure to CPA

(Fig. 4C): there was a significantly greater slowing at 30

than at 5 min (P < 0.01, paired t-test) and the data were

well fitted by an exponential decay to a new steady rate

of 129 � 8 bpm with a time constant of 9.0 � 1.8 min

(although the effects on amplitude in Fig. 4D were sub-

stantially complete by 5 min). The slowing of beating rate

in the presence of CPA could also in part reflect a reduc-

tion in activity of Ca2+-stimulated adenylyl cyclases and
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consequent reduction in cAMP levels that regulate I(f). It

seems possible that these additional effects might develop

more slowly, perhaps because it takes time for the change

in Ca2+ levels to be sensed and/or for the proposed

reduction in activity of Ca2+-stimulated adenylyl cyclases

to lead to slow changes in cAMP levels that are at least in

part the result of Ca2+-dependent reduction of this

enzyme activity.

In the presence of CPA (which alone caused a beating

rate reduction of 129 � 14 bpm from a resting beating

rate of 299 � 9 bpm to 170 � 14 bpm, or 43 � 5%, at

the 30-min period, P < 0.05, n = 6, Fig. 4A), the ivabra-

dine/ZD7288 combination caused a further decline in

beating rate (inverted triangles, Fig. 4C), but this decline

was smaller (a further reduction of 48 � 10 bpm or

19 � 3%, P < 0.05, n = 6, at 70-min period Fig. 4C than

that caused by ivabradine/ZD7288 in the absence of CPA

(199 � 15 bpm or 62 � 3%, P < 0.05, n = 9, after

40 min). The observed reduced effect of ivabradine/

ZD7288 under these conditions resembles the effects

reported above (Fig. 1) for the organ bath experiments

under similar conditions but without the Ca2+ probes.
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Figure 4. Representative traces of fluorescence Ca2+ transient measurements (Rhod-2 as Ca2+ probe) from the SAN region are shown at

different time periods. (A) Control and 3 lmol/L ivabradine/1 lmol/L ZD7288; (B) Control, 100 lmol/L CPA, and 100 lmol/L CPA in the

presence of 3 lmol/L ivabradine/1 lmol/L ZD7288. The mean changes over time in rate of beating measured from the fluorescence Ca2+

transients recorded from the SAN region are shown in (C); the mean changes in amplitude of Ca2+ transients over the same time are shown in

(D). There was a small reduction in rate under Control conditions over 40 min (open circles). There was a marked but slowly developing

reduction in rate in the presence of 3 lmol/L ivabradine/1 lmol/L ZD7288 (open diamonds), and a slightly smaller progressive slowing of rate

with 100 lmol/L CPA (crosses; note that the effect of CPA on rate appeared to develop more slowly than the effect on amplitude, see text);

the further reduction in rate when 3 lmol/L ivabradine/1 lmol/L ZD7288 was added after 100 lmol/L CPA was small (open inverted triangles).

Under Control conditions, and in the presence of 3 lmol/L ivabradine/1 lmol/L ZD7288, there was a progressive fall in the amplitude of Ca2+

transients that was thought primarily to reflect extrusion of Rhod-2 (combined perhaps with photobleaching). The decline in the amplitude of

Ca2+ transients was initially much faster with 100 lmol/L CPA. The further decline in amplitude of Ca2+ transients was small when 3 lmol/L

ivabradine/1 lmol/L ZD7288 was added in the presence of 100 lmol/L CPA. Data are expressed as mean � SEM. GraphPad prism (version 5.0)

software was used to perform statistical analysis including Student’s t-test and two-way analysis of variance (ANOVA), Bonferroni posttest

(significance level, P < 0.05).
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Effects of I(f) blockade and suppression of
SR function on spontaneous beating rate in
the presence of b-adrenoceptor stimulation

We next investigated the changes in spontaneous beating

rate induced by b-adrenoceptor stimulation, under condi-

tions in which the I(f) was blocked or SR function was

suppressed. For these experiments, we returned to the

simple organ bath preparation without Rhod-2 or bleb-

bistatin. In the absence of other compounds, isoprenaline

caused a concentration-dependent increase in beating rate

with a maximum increase of 303 � 10 bpm at 100 nmol/

L. Several series of experiments were carried out with a

variety of drug combinations. The initial aim was to block

I(f) using 1 lmol/L ZD7288 (30-min preincubation dur-

ing which the beating rate declined to a steady-state pla-

teau); the presence of ZD7288 reduced the isoprenaline-

induced increase in beating rate at each concentration,

and the reductions were statistically significant (1 nmol/L,

P < 0.05, 3–30 nmol/L, P < 0.01, 100 nmol/L, P < 0.001,

n = 6, two-way ANOVA, Bonferroni posttest). The effects

of a combination of 1 lmol/L ZD7288 and 3 lmol/L

ivabradine (again allowing a 30-min preincubation during

which the beating rate declined to a steady-state plateau)

were similar those of 1 lmol/L ZD7288 alone. However,

it was clear that substantial effects of isoprenaline on

beating rate remained even in the presence of I(f) block-

ade that was thought to be close to complete with the

combination of I(f) blockers (see Discussion).

CPA (30 and 100 lmol/L, again allowing a 30-min

preincubation during which the beating rate declined to a

steady-state plateau) also depressed the log (concentra-

tion) – response to isoprenaline (30 and 100 lmol/L

CPA: 1 nmol/L, P < 0.05, 3–100 nmol/L, P < 0.001,

n = 13, two-way ANOVA, Bonferroni posttest). The

effects of these drugs that suppress SR function to cause a

depression of the slope and maximum of the log(concen-

tration)–response to isoprenaline were slightly greater

than the effects of blockade of I(f) alone (Fig. 5B).

When the ZD7288 to block I(f) and CPA to depress SR

function were used together (30-min preincubation of a

tissue with CPA, followed by additional 30 min incuba-

tion with ZD7288 in order to reach a further reduced pla-

teau steady beating rate: 1–100 nmol/L, P < 0.001,

n = 10, two-way ANOVA, Bonferroni posttest), there was

a substantial further depression of the log(concentra-

tion)–response curve to isoprenaline relative to either

CPA or ZD7288 when used alone. The change in beating

rate at the maximum concentration of 100 nmol/L was

substantially reduced to 51 � 2 bpm, n = 10 (Fig. 5A)

under these conditions.

When similar experiments were performed in guinea

pig spontaneously beating atrial preparations the effects

of the drugs used in the experiments above were broadly

similar to those seen in mouse preparations. ZD7288

(1 lmol/L) alone (preincubating for 30 min) again

depressed the log(concentration)–response curve to

isoprenaline, so that the change in beating rate was less at

all concentrations studied (3–30 nmol/L, P < 0.001,

n = 6, two-way ANOVA, Bonferroni posttest). The

effects of a combination of 1 lmol/L ZD7288 and

3 lmol/L ivabradine (preincubating for 30 min to reach a
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Figure 5. Modulation of the positive chronotropic action of the b-adrenoceptor agonist, isoprenaline, in mouse spontaneously beating atrial

preparation (A) by 100 lmol/L CPA (n = 13), 1 lmol/L ZD7288 (n = 6), 1 lmol/L ZD7288 + 3 lmol/L ivabradine (n = 6), and 1 lmol/L

ZD7288 + 100 lmol/L CPA (n = 10). Similar observations in guinea pig spontaneously beating atrial preparations are shown in (B) for Control

(n = 6), 30 lmol/L CPA (n = 6), 1 lmol/L ZD7288 (n = 6), 1 lmol/L ZD7288 + 3 lmol/L ivabradine (n = 6), and 1 lmol/L ZD7288 + 30 lmol/L

CPA (n = 6). Data are expressed as mean � SEM, n = number of experiments. GraphPad prism (version 5.0) software was used to perform

statistical analysis including two-way ANOVA, Bonferroni posttest (significance level, P < 0.05).
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steady-state reduction) were similar those of 1 lmol/L

ZD7288 alone (3–30 nmol/L, P < 0.001, n = 6, two-way

ANOVA, Bonferroni posttest). However, substantial

increases in spontaneous beating rate in response to iso-

prenaline remained in the presence of these drugs to

block I(f). At the highest concentration tested, 100 nmol/

L, isoprenaline increased the beating rate by

85 � 16 bpm in the presence of 1 lmol/L ZD7288, and

by 88 � 15 bpm in the presence of 1 lmol/L ZD7288

followed by 3 lmol/L ivabradine, compared with the con-

trol increase of 132 � 21 bpm. The difference between

the curves produced in the presence of 1 lmol/L ZD7288

compared to 1 lmol/L ZD7288 followed by 3 lmol/L

ivabradine was not statistically significant. CPA (30 lmol/

L, preincubated for 30 min) caused a greater depression

of the maximum effect of isoprenaline at 100 nmol/L by

57 � 9 bpm (3 nmol/L, P < 0.01, n = 13, 10–100 nmol/

L, P < 0.001, n = 13, two-way ANOVA, Bonferroni postt-

est) than was observed with ZD7288 with or without

ivabradine. Finally, the maximum effect of isoprenaline at

100 nmol/L in the presence of 1 lmol/L ZD7288 and

30 lmol/L CPA (with each drug being incubated for

30 min) was substantially suppressed to 8 � 2 bpm com-

pared to the control of 132 � 21 bmp (Fig. 5B). The

broad pattern of the effects of the drug combinations in

guinea pig (compare Fig 5A and B) was therefore very

similar to that of the same drugs in mice even though the

maximal bpm changes differ for the various drug combi-

nations.

Discussion

In discussing the implications and limitations of the find-

ings presented here, consideration should be given to the

selectivity of drug treatments used. It is also important to

note that it could be argued that in a complex system the

conclusions that can be drawn from selective alteration of

one variable are limited (see, e.g., Yaniv et al. 2013,

2014). Nonetheless, the observations reported here do

impose constraints on models of the initiation of sponta-

neous activity by the SA node, and the combined results

can be taken to imply that both SR function and I(f) cur-

rents make substantial contributions to pacemaker activ-

ity. This was found to be the case both at rest (in the

absence of autonomic neurotransmitters and hormones)

and in the presence of the b-adrenoceptor agonist isopre-
naline.

The recent experiments of Yaniv et al. (2013) investi-

gate the effects of 3 lmol/L ivabradine in rabbit-isolated

SA node myocytes on Ca2+ cycling as well as I(f), and

conclude that there are effects on Ca2+ cycling under the

conditions of their experiments that contribute to the

slowing of spontaneous rate. In particular, ivabradine was

found to reduce SR Ca2+ load. This was tested with a

rapid caffeine “spritz” and 3 lmol/L ivabradine was

reported to reduce the amplitude of the caffeine-induced

Ca2+ transient by 13% (but see also Yaniv et al. 2014; in

which the effects of ivabradine on SR Ca2+ content were

reported only to become significant at concentrations of

10 lmol/L and above). An indirect effect of a bradycardic

agent on SR Ca2+ is not surprising as discussed above

(since even when spontaneous rate is slowed by a com-

pletely selective I(f) blocker the fall in heart rate will

reduce the number of action potentials per unit time that

permit Ca2+ influx via voltage-gated Ca2+ channels, and

this reduction in Ca2+ influx would be expected to cause

diminished Ca2+ uptake by the SR). Although an effect of

this kind is expected, it appears that under the conditions

of our experiments any effect was small (and not statisti-

cally significant) for our observations using the 3 lmol/L

ivabradine and 1 lmol/L ZD7288 combination in mouse

intact SA preparations, since there was little or no differ-

ence in the decline of the amplitude of Ca2+ transients in

the absence and presence of these drugs over a 30-min

exposure period, even though these drugs caused an

approximate halving of spontaneous rate. Future experi-

ments will be required to investigate whether species dif-

ferences (e.g., in basal heart rates and/or the balance of

different ionic currents) might account for the apparent

discrepancy between our observations and those of Yaniv

et al. (2013).

An important observation presented here is that the

substantial effects of isoprenaline remain in the presence

of I(f) blockers, ZD7822 or ivabradine. This is unlikely to

result from incomplete blockade of I(f) by these drugs at

the concentrations used as discussed later. The effects of

ZD7822 in combination with CPA profoundly suppress

changes in spontaneous beating rate caused by b-adreno-
ceptor stimulation, and these observations are most easily

explained if there are important contributions of both I(f)

and SR-dependent mechanisms to the b-adrenoceptor
pathways (although overlap of these mechanisms is not

excluded as discussed further below). Work with the

canine SA node using fluorescent probes for Ca2+ also led

to the conclusion that both I(f) and SR-dependent mech-

anisms contribute to pacemaker activity (Joung et al.

2009; Gao et al. 2010), although these experiments did

not explore the catecholamine effects over a broad con-

centration range.

Using electrophysiological approaches to test for the

effectiveness of I(f) blockade is technically difficult partic-

ularly with agents such as ivabradine that are thought to

be “use dependent” and which take a long time to reach

a steady-state effect (observed to be 30 min for atrial

preparations, and therefore blockade may be underesti-

mated if the exposure time is too short). “Rundown” of
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currents can also be a problem over long time periods.

The first paper on ZD7288 quotes 74 � 4% blockade at

1 lmol/L (BoSmith et al. 1993), but this may be an

underestimate because of the difficulty of making electro-

physiological measurements over a sufficiently long time

to achieve steady state. Under the conditions of our

experiments, 3 lmol/L ivabradine caused a similar

(58 � 5%) reduction in beating rate and the degree of

block caused by this drug is expected to be at least as

high as that for ZD7288 (Bois et al. 1996; Bucchi et al.

2002).

As a starting point, we assume first that ZD7288 and

ivabradine occupy the same site on the I(f) channel, and

that each drug separately occupies 75% of these sites

under the conditions of our experiments (consistent with

the 74 � 4% blockade reported by BoSmith et al. 1993;

and taking the similar effects of ivabradine under the

conditions of our experiments to indicate that this drug

also occupies a similar fraction of sites/channels at the

concentration used). If the fraction of sites

blocked = [D]/([D] + KD), where [D] is the drug con-

centration and KD is the dissociation equilibrium con-

stant for a bimolecular binding reaction of the drug to

the site/channel, then 75% block would be expected to

occur when the concentration of each drug is three times

greater than KD under the conditions of our experiments

(while also bearing in mind that, as argued above, the

fractions of sites blocked that have been used for this cal-

culation might well be underestimates). Following the

analysis of Jarvis and Thompson (2013) who compared

ion channel blockade by drugs occupying the same or

different sites, and assuming first that each drug shows

mutually exclusive binding to the same site on the I(f)

channel, the fraction of channels occupied by the two

drugs combined would be (3 + 3)/(3 + 3 + 1) or 86%.

The authors also calculated the consequence of the sec-

ond case where the two blocking drugs occupy different

sites. In this case, if 1 lmol/L ZD7288 blocks 75% of the

channels leaving a residual conductance of 0.25 of the

total, and if 3 lmol/L ivabradine binds at a different site,

and also cause 75% block (0.25 residual conductance),

the two drugs together would be predicted to leave a

residual conductance of unblocked channels of

0.25 9 0.25 = 0.0625 of the total conductance or close to

94% blockade. If either of these estimates for blockade

were underestimates (as may be the case as a conse-

quence of the difficulty in carrying out prolonged elec-

trophysiological studies of ion channel blockade), the

estimates for combined block are even greater (for both

the case of identical and different binding sites). In other

words, the combination of 1 lmol/L ZD7288 and

3 lmol/L ivabradine may approach near complete block-

ade of I(f). The observation that there was little or no

difference between the effects observed following 1 lmol/

L ZD7288, 3 lmol/L ivabradine, or a combination of

these two drugs may be rationalized by the proposal that

1 lmol/L ZD7288 and 3 lmol/L ivabradine each cause

almost complete blockade of I(f) under these conditions,

and that there is little further effect when the two drugs

are combined. This view is also supported by the modest

changes in spontaneous rate observed under these condi-

tions when the concentration of ZD7288 was increased

from 1 to 3 and then 10 lmol/L. The rate changes that

we see in mouse when we believe little or no I(f) remains

unblocked are remarkably similar to those observed by

Mesirca et al. (2014) using genetic techniques to silence I

(f) channels.

If these arguments are correct, their implications for

pacemaker mechanisms underlying resting beating rate

(in the absence of autonomic transmitters or hormones)

can be considered. If very little I(f) remains in the pres-

ence of ivabradine and ZD7288, the observation that in

mice the beating rate is reduced by approximately 50%

by these drugs may indicate that residual mechanisms

other than I(f) play a major role under these conditions.

Such additional mechanisms could include both “mem-

brane clock” mechanisms other than I(f), and “calcium

clock” mechanisms. The membrane clock mechanisms

include the importance of deactivating voltage-gated K

channels (together with an absence of a “stabilizing” rest-

ing K channel activity), sustained inward current, voltage-

gated Ca2+ channels and NCX (see Capel and Terrar

2015a,b). Voltage-gated Ca2+ channels and NCX are also

important for “calcium clock” mechanisms. The role of

the SR is in part to determine the timing of Ca2+ release

and uptake mechanisms, but there may be additional

longer term effects of Ca2+ released from the SR (see

below).

The observation that the effects of I(f) blockers on rest-

ing beating rates were less (measured as both % and bpm

changes) in the presence than in the absence of ryanodine

or CPA is consistent with a reduced contribution of I(f)

under these conditions. Such reduced contribution of I(f)

when SR Ca2+ release is suppressed could arise if SR-

derived Ca2+ were to activate Ca2+-stimulated adenylyl

cyclases such as AC1 or AC8, since this would lead to

reduced levels of cAMP modulating I(f). Evidence sup-

porting the contribution of such a pathway is provided

by Mattick et al. (2007) and Younes et al. (2008). Func-

tional interaction between AC1 and HCN2 has also been

shown in myocytes in which HCN2 was coexpressed with

AC1, AC6, or GFP. When Ca2+-stimulated AC1 was coex-

pressed with HCN2, the I(f) current was activated at

potentials approximately 10 mV more depolarized than

when HCN2 expression was coupled with AC6 or GFP

(Kryukova et al. 2012).
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CPA is used at 100 lmol/L and 30 lmol/L, and it

seems possible that nonspecific effects might occur, par-

ticularly at the higher concentration, but the observations

with 30 lmol/L were remarkably similar to those at

100 lmol/L, consistent with a maximal drug actions. It is

our experience that concentrations of blocking agents

required for intact multicellular atrial preparations fre-

quently appear to be higher than those required in iso-

lated myocytes, perhaps because of barriers to permeation

or other impediments to tissue penetration (see Rigg and

Terrar 1996; Rigg et al. 2000).

The above arguments might be extended to considera-

tion of the effects of stimulation of b-adrenoceptors by

isoprenaline. In terms of the contribution of I(f) to the

positive chronotropic effect, isoprenaline will have effects

via a direct G-protein-mediated stimulation of adenylyl

cyclases, and possible additional effects that could arise as

a consequence of an increased amplitude of the Ca2+

transient (Rigg et al. 2000) that might in turn stimulate

the adenylyl cyclases AC1 and/or AC8. Such a mechanism

is also supported by the experiments of Kryukova et al.

2012 mentioned above: in myocytes coexpressing HCN2

and AC1, isoprenaline caused a further positive shift of

the activation curve for I(f) and this effect was prevented

by the Ca2+ chelator BAPTA.

Some of the effects of CPA to suppress the log(concen-

tration)–response curve to isoprenaline and reduce the

maximum chronotropic response might be attributable to

a reduced I(f) as a consequence of the reduced amplitude

of the Ca2+ transient and consequent reduced contribu-

tion of Ca2+-stimulated AC1 and/or AC8. This hypothesis

receives important support from the observations in

which Ca2+ transients were measured using Rhod-2. It is

clear that the majority of the effect of CPA on the ampli-

tude of Ca2+ transients developed within 5 min, and any

effects on spontaneous rate that depend directly on

changes in Ca2+ transients or local Ca2+ release events

(e.g., involving direct influences of NCX currents) would

be expected to be apparent on this time scale. In contrast

to the rapid effect of CPA on the amplitude of Ca2+ tran-

sients, it was observed that the full effect of CPA on

spontaneous rate (determined from the intervals between

Ca2+ transients) took much longer to develop over a per-

iod of approximately 30 min. These observations are con-

sistent with a slow development of effects of changed

Ca2+ transients on Ca2+-stimulated enzymes including

AC1 and AC8. The slow development of effect could arise

from a slow readjustment of cAMP levels as a conse-

quence of changes in enzyme activity. The magnitude of I

(f), and consequently the influence of this current on

spontaneous rate, would be expected to closely follow the

reduced levels of cAMP, but additional effects as a conse-

quence of altered PKA function influencing other ion

channels would also be predicted. It therefore seems likely

that suppression of SR function will have effects on a

number of pathways involved in the positive chronotropic

response that are additional to any effects of I(f), as dis-

cussed in more detail below.

When I(f) was blocked by ZD7288 and ivabradine in

various combinations, it appeared that substantial

increases in beating rate in response to b-adrenoceptor
stimulation remained. From the arguments above con-

cerning the effectiveness of these drugs it seems unlikely

that the continuing effects of b-adrenoceptor stimulation

can be explained by effects on a large component of I(f)

that remains unblocked. An additional experimental

observation that supports the contention that the remain-

ing effect of isoprenaline in the presence of the ZD7288

and ivabradine combination is not primarily a conse-

quence of effects of isoprenaline on residual I(f) is the

observation that so little of the effect of isoprenaline

remained when the ZD7288 and ivabradine combination

was supplemented with CPA.

The substantial additional effects of CPA in addition to

blockade of I(f) are best explained by effects of CPA that

depend on SR Ca2+, but do not involve this current. Tar-

gets for b-adrenoceptor stimulatory mechanisms that

could involve Ca2+-stimulated adenylyl cyclases but not I

(f) include pathways that are influenced by PKA following

changes in cAMP levels. These include voltage-gated Ca2+

channels, NCX (at least indirectly as a consequence of

increased subsarcolemmal Ca2+), phospholamban/SERCA,

voltage-gated K channels, and sustained inward current

channels (Capel and Terrar 2015b). There may also be

effects via CaMKII that involve SR-released Ca2+ (Wu

et al. 2014). In addition, SR-dependent effects on L-type

Ca2+ currents thought to act via AC1 and/or AC8 in atrial

myocytes have been recently described (Collins and Terrar

2012).

In summary, our results are consistent with contribu-

tions from both I(f) and SR-dependent mechanisms to

pacemaker activity at rest and during b-adrenoceptor
stimulation. Some of the effects of SR-released Ca2+

can influence I(f) through activation of Ca2+-stimulated

AC1 and/or AC8, but there appear to be substantial

additional SR-dependent effects that are unrelated to I

(f).
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