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a b s t r a c t

The atrioventricular node (AVN) can act as a subsidiary cardiac pacemaker if the sinoatrial node fails.
In this study, we investigated the effects of the Na–Ca exchange (NCX) inhibitor KB-R7943, and inhi-
bition of the sarcoplasmic reticulum calcium ATPase (SERCA), using thapsigargin or cyclopiazonic acid
(CPA), on spontaneous action potentials (APs) and [Ca2+]i transients from cells isolated from the rabbit
AVN. Spontaneous [Ca2+]i transients were monitored from undialysed AVN cells at 37 ◦C using Fluo-4.
In separate experiments, spontaneous APs and ionic currents were recorded using the whole-cell patch
clamp technique. Rapid application of 5 �M KB-R7943 slowed or stopped spontaneous APs and [Ca2+]i

transients. However, in voltage clamp experiments in addition to blocking NCX current (I ) KB-R7943

E Metadata, citation and similar papers at co

 by Elsevier - Publisher Connector 
trioventricular node (AVN)
alcium
B-R7943
arcoplasmic reticulum (SR)
pontaneous activity
odium–calcium exchange (NCX)

NCX

partially inhibited L-type calcium current (ICa,L). Rapid reduction of external [Na+] also abolished spon-
taneous activity. Inhibition of SERCA (using 2.5 �M thapsigargin or 30 �M CPA) also slowed or stopped
spontaneous APs and [Ca2+]i transients. Our findings are consistent with the hypothesis that sarcoplas-
mic reticulum (SR) Ca2+ release influences spontaneous activity in AVN cells, and that this occurs via
[Ca2+]i-activated INCX; however, the inhibitory action of KB-R7943 on ICa,L means that care is required in

obta
hapsigargin the interpretation of data

. Introduction

The cardiac atrioventricular node (AVN) conducts electrical
xcitation from the atria to the ventricles. Its slow rate of conduc-
ion co-ordinates atrial and ventricular contraction and can protect
gainst some types of arrhythmia [1,2]. The AVN also possesses
ntrinsic pacemaker activity, although the mechanisms underly-
ng this activity are not fully understood. It has been suggested
hat in the sinoatrial node (SAN) spontaneous Ca2+ release from
he sarcoplasmic reticulum (SR) contributes to pacemaking: early
ork showed that inhibition of SR Ca2+ release decreases the spon-

aneous frequency of the SAN [3–5], and more recent work has
rovided evidence that sodium–calcium exchange (NCX) activity is
ecessary for SAN pacemaker activity (e.g. [6–8]), with Ca2+ release

rom the SR contributing to pacemaking by activating inward NCX

urrent (INCX) [3–10].

Less is known about the role of Ca2+ in AVN pacemaking. Rabbit
VN cells exhibit [Ca2+]i transients during spontaneous activity and
ossess functional NCX, with an INCX density similar to that in ven-
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tricular myocytes [11–13]. Recent evidence from experiments with
the SR inhibitor ryanodine implicates Ca2+ release from the SR in
pacemaking in intact AVN preparations [14], and indicates that the
rate of spontaneous action potentials (APs) and [Ca2+]i transients in
rabbit AVN cells [13] is sensitive to SR inhibition, consistent with a
link between Ca2+ handling and spontaneous activity in these cells.

The present study was designed to investigate further the role
of Ca2+ in the spontaneous activity of the AVN, in particular the
contribution of SR Ca2+ release to AVN pacemaking and whether
this involves INCX. The NCX inhibitor KB-R7943, which has been
used extensively in studies of atrial, ventricular and SAN cells (e.g.
[8,15–18]), and the SR Ca2+ ATPase (SERCA) inhibitors thapsigargin
[19] and cyclopiazonic acid (CPA) [20], were used to investigate the
role of NCX and SR Ca2+ release in the generation of spontaneous
APs and [Ca2+]i transients in cells isolated from the rabbit AVN.

2. Methods

2.1. AVN myocyte isolation

Open access under CC BY-NC-ND license.
Male New Zealand White rabbits (2–3 kg) were killed humanely
in accordance with UK Home Office legislation, and AVN cells
isolated from the heart using a combination of enzymatic and
mechanical dispersion, as described previously [21]. In brief, hearts
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ere Langendorff-perfused at 37 ◦C with Ca2+-containing solu-
ion, then Ca2+-free solution containing EGTA (100 �M), and then
nzyme-containing solution (1 mg/ml collagenase, type I, Wor-
hington, USA and 0.1 mg/ml protease, type XIV, Sigma, USA),
ollowed by removal of the AVN, identified by its relation to
natomical landmarks [22]. AVN cells were dispersed from the AVN
nd re-suspended and stored in refrigerated (4 ◦C) Kraftbruhe ‘KB’
olution [23] until use.

.2. Solutions and chemicals

All chemicals were purchased from Sigma–Aldrich (UK), and
ll solutions were made with deionised Milli-Q water (Millipore
ystems, USA), unless stated otherwise. The cell isolation and

KB’ solutions have been described previously [21,24]. The normal
yrode solution used to superfuse cells contained (in mM) [25]:
40 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 10 glucose, 5 HEPES (pH 7.4
ith NaOH). For spontaneous action potential recording, the K+-

ased pipette solution contained (in mM) [26]: 110 KCl, 10 NaCl,
.4 MgCl2, 10 HEPES, 5 glucose, 5 K2ATP, 0.5 GTP-Tris (pH 7.1
ith KOH). For L-type calcium current (ICa,L) recording, the inter-
al solution was similar, except that KCl was replaced with CsCl,
nd 5 mM BAPTA was added [27]. For INCX recording, the internal
olution was also Cs+-based, and contained (in mM) [12]: 110 CsCl,
0 NaCl, 0.4 MgCl2, 1 CaCl2, 5 EGTA, 10 HEPES, 5 glucose, 20 TEACl
pH 7.2 with CsOH), and the external solution was potassium-free
yrode containing 10 �M nitrendipine (to inhibit L-type calcium
urrent) and 10 �M strophanthidin (to inhibit the Na+/K+ pump).
he low-sodium Tyrode solution used to inhibit forward mode NCX
ontained 40 mM NaCl (LiCl replacement). KB-R7943 (Tocris, USA),
hapsigargin and CPA were dissolved in dimethyl sulfoxide (DMSO)
o produce stock solutions of 5, 2.5, and 30 mM respectively, which
ere kept at −20 ◦C. Nickel (Ni2+) chloride, used to block INCX, was
ade up as 5 M stock solution which was kept at −4 ◦C.

.3. Electrophysiological recording

AVN cells were transferred to an experimental chamber
ounted on the stage of an inverted microscope (Eclipse TE2000-
, Nikon, Japan) and superfused with Tyrode solution. Whole-cell
atch-clamp experiments were performed using an AxoPatch-1D
mplifier (Axon Instruments, USA). Patch-pipettes (A-M Systems,
SA) were pulled using a Narishige vertical electrode puller (Nar-

shige PP-83, Japan), and heat-polished to a final resistance of
–3 M� (Narishige MF-83, Japan). Protocols were generated and
ata recorded using pClamp 10 software (Axon Instruments, USA)
ia an analogue-to-digital converter (Digidata 1322; Axon Instru-
ents/Molecular Devices, USA). Spontaneous action potentials
ere recorded continuously using gap-free acquisition mode by

urrent clamping with zero-current input. APs were digitised at
kHz. Membrane currents were recorded in whole-cell voltage-
lamp mode, and digitised at 10 kHz. INCX was measured as 5 mM
i2+-sensitive current elicited by voltage ramp commands (at a fre-
uency of 0.33 Hz) from +60 to −80 mV over 250 ms from a holding
otential of −40 mV, and ICa,L was elicited using test pulses from
40 to 0 mV at 0.2 Hz.

Once the whole-cell patch-clamp recording configuration had
een obtained, cell superfusion was via a rapid solution exchange
<1 s) device [28], which was used to change superfusate. All super-
usates were maintained at 35–37 ◦C.
.4. [Ca2+]i imaging and calcium transient analysis

[Ca2+]i was monitored in intact, undialysed AVN myocytes
oaded with the fluorescent Ca2+ indicator Fluo-4. Cells were incu-
ated with 5 �M Fluo-4 AM (Invitrogen, USA) for 5 min in KB
m 49 (2011) 56–65 57

solution at 37 ◦C, and then centrifuged and re-suspended in Tyrode
solution for 30 min at room temperature for dye de-esterification,
before being placed in the experimental chamber on the stage of a
laser-scanning confocal microscope (Zeiss LSM Pascal, Germany).
Transverse line scan images of spontaneously beating AVN cells
were obtained through the centre of the cell, with a slice depth
of ∼1 �m, at 2 ms/line, during superfusion with control and test
Tyrode solutions at 35–37 ◦C. Fluo-4 was excited with 488 nm light,
and emitted fluorescence measured at >505 nm. Averaged line scan
fluorescence was normalized to diastolic fluorescence to give F/F0
[29]. [Ca2+]i transient amplitude was defined as the difference
between baseline and peak.

2.5. Statistical analysis

Data are presented as mean ± SEM. Statistical analyses were per-
formed using Microsoft Excel (Microsoft Corporation, USA), Origin
(OriginLab Corporation, USA) and Prism (Graphpad Software Inc.,
USA). Comparisons were made using one-way or two-way ANOVA
with Bonferroni post-hoc comparison, paired t-test or one sample
t-test as appropriate; P < 0.05 was taken as significant.

3. Results

3.1. KB-R7943 inhibits spontaneous action potentials and [Ca2+]i
transients

Fig. 1A shows a recording of the effect of rapid application of
5 �M KB-R7943 on spontaneous APs from a representative AVN
cell. In the presence of KB-R7943, spontaneous AP amplitude pro-
gressively decreased as a result of a decrease in maximal diastolic
potential (MDP) and overshoot potential, until APs disappeared,
followed by the appearance of small oscillations of membrane
potential. Spontaneous activity was restored on drug washout.
KB-R7943 caused similar behaviour in 14 cells. All cells stopped
generating APs within ∼90 s of drug application, with a mean ‘rest-
ing’ potential in quiescent cells of −26.0 ± 2.1 mV. Of these, 6 cells
became silent within 40 s of KB-R7943, whilst 8 cells became qui-
escent between 40 and 90 s. Table 1 shows mean AP parameters in
control and after 15 and 40 s in the presence of KB-R7943, incor-
porating data from all cells studied (n = 14). Data were analysed at
15 s to determine the early effects of KB-R7943 and at 40 s as the
time-point at which nearly half of the cells were quiescent, con-
sidering both APs and [Ca2+]i transients. KB-R7943 decreased the
slope of diastolic depolarization and AP rate, as well as MDP and
maximum overshoot potential. However, for cells that did not stop
within 40 s of drug application, there was only a modest decrease
in spontaneous AP rate, from 3.75 ± 0.67 to 3.27 ± 0.29 beats/s (ns)
at this time-point. Fig. 1B shows a representative recording of the
effect of 5 �M KB-R7943 on spontaneous [Ca2+]i transients, show-
ing that they were slowed and then abolished by KB-R7943. This
effect was reversible on washout of KB-R7943. In 6 out of 12 cells,
the [Ca2+]i transient stopped within 40 s. Table 2 shows mean data
in control and after 15 and 40 s exposure to KB-R7943, incorporat-
ing data from all cells studied (n = 12). KB-R7943 decreased [Ca2+]i
transient rate, diastolic (baseline) Ca2+, [Ca2+]i transient peak and
amplitude (Table 2). In cells that did not stop within 40 s, the
spontaneous [Ca2+]i transient rate decreased from 2.85 ± 0.30 to
1.17 ± 0.23 beats/s (P < 0.01) at 40 s.

Although KB-R7943 has been used as a selective inhibitor of NCX

[8,15–17], it is not entirely selective [30]. Moreover, whilst many of
the above effects of KB-R7943 are consistent with the hypothesis
that NCX is involved in pacemaker activity (see Section 4), a reduc-
tion in AP upstroke velocity and overshoot potential are difficult to
explain solely on the basis of an effect of KB-R7943 on NCX. Conse-



58 H. Cheng et al. / Cell Calcium 49 (2011) 56–65

Fig. 1. Effects of KB-R7943 on spontaneous action potentials and [Ca2+]i transients. (A) KB-R7943 inhibits spontaneous action potentials. The top trace shows a representative
slow time-base recording of membrane potential from an AVN myocyte before, during and after exposure to 5 �M KB-R7943, as indicated by the horizontal bars above the
trace. The lower traces show sections of the top panel from the periods indicated, in the absence (left) and presence (middle and right) of KB-R7943, displayed at a faster
time-base. The time scale bar in the lower left panel applies to all three lower panels. (B) KB-R7943 inhibits spontaneous [Ca2+]i transients. The top trace shows a slow
time-base averaged fluorescence plot of confocal line-scan image from an AVN myocyte (different cell from A) before, during and after application of 5 �M KB-R7943, as
indicated above the trace. The lower traces show sections of the top panel from the periods indicated, in the absence (left) and presence (middle and right) of KB-R7943,
displayed at a faster time-base. The time scale bar in the lower left panel applies to all three lower panels.
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Table 1
Effect of 5 �M KB-R7943 on spontaneous action potentials (APs) in rabbit atrioventricular node cells (n = 14).

Parameters Control At 15 s after KB-R7943 exposure At 40 s after KB-R7943 exposure

Spontaneous AP rate (beats/s) 3.99 ± 0.47 3.64 ± 0.46 1.87 ± 0.48*

[% change, compared with control] [−3.2 ± 13.9%] [−40.4 ± 17.0%]
Slope of pacemaker diastolic depolarization (mV s−1) 113.9 ± 13.3 64.5 ± 8.2** 32.4 ± 8.8**

[% change] [−34.2 ± 10.0%] [−67.5 ± 9.8%]
Maximal upstroke velocity (Vmax, V s−1) 5.76 ± 0.99 3.03 ± 0.81** 1.24 ± 0.48**

[% change] [−50.0 ± 6.0%] [−81.5 ± 5.2%]
Maximal repolarization velocity (Vrep, V s−1) −1.53 ± 0.16 −0.92 ± 0.09** −0.45 ± 0.12**

[% change] [−37.1 ± 6.4%] [−68.5 ± 8.1%]
AP duration at 50% repolarization (APD50, ms) 63.24 ± 6.09 67.23 ± 6.83 50.29 ± 12.81
[% change] [12.7 ± 13.2%] [−19.2 ± 20.4%]
Maximal diastolic potential (MDP, mV) −55.08 ± 1.85 −44.69 ± 2.21** −35.40 ± 2.90**

[% change] [−18.7 ± 3.3%] [−35.8 ± 4.7%]
Overshoot (peak of AP, mV) 18.59 ± 2.05 4.18 ± 4.38** −9.92 ± 5.11**

AP amplitude (mV) 73.68 ± 2.89 48.87 ± 5.90** 25.48 ± 6.95**

[% change] [−34.2 ± 6.9%] [−65.9 ± 8.8%]

When the data were analysed for this table, if the cell had stopped beating in the presence of KB-R7943, the values for maximal diastolic potential and peak of AP were taken
a n as 0
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s the ‘resting’ potential, and the values for AP rate and other parameters were take
* P < 0.05 versus control.

** P < 0.01 versus control.

uently, to clarify the effects of KB-R7943 on AVN cell activity we
nvestigated its effects on AVN INCX and ICa,L.

.2. Inhibition by KB-R7943 of AVN INCX

INCX was elicited using voltage ramps from +60 to −80 mV with
ajor interfering currents blocked (see Section 2 and [12]). Fig. 2Ai

hows mean net current density–voltage relations under control
onditions and in the presence of 5 �M KB-7943 or 5 mM Ni2+. In
ontrol solution the voltage ramp elicited an outwardly rectifying
urrent which was markedly reduced in amplitude in the pres-
nce of 5 �M KB-R7943 or 5 mM Ni2+ (P < 0.001). From these net
urrent recordings, INCX was obtained as the Ni2+-sensitive cur-
ent (Fig. 2Aii, control – nickel). The KB-R7943-sensitive current
Fig. 2Aii, control – KB-R7943) was similar to the Ni2+-sensitive cur-
ent at potentials negative to the observed reversal potential (Erev)
ver the voltage range studied, although the drug-sensitive cur-
ent was slightly smaller than the Ni2+-sensitive current at positive
oltages (between +20 and +60 mV; P < 0.05, two-way ANOVA with
onferroni post-hoc comparison). Examination of the residual KB-

7943 insensitive component of INCX ((control – nickel) − (control
KB-R7943) in Aii) showed no current at negative voltages (indi-

ating that 5 �M KB-R7943 was as effective as Ni2+ at negative
oltages), whilst at potentials positive to Erev there was some resid-
al INCX in the presence of KB-R7943.

able 2
ffect of 5 �M KB-R7943 on spontaneous [Ca2+]i transients in rabbit atrioventricular node

Parameters Control

Spontaneous [Ca2+]i transient rate (beats/s) 3.05 ± 0.24
[% change, compared with control]
Percentage increase of diastolic Ca2+ baseline compared

with control (%)
–

[Ca2+]i transient peak (F/F0) (F: the peak fluorescence
intensity; F0: the control diastolic Ca2+ baseline)

1.64 ± 0.08

[% change]
[Ca2+]i transient amplitude between baseline and peak

(F/F0) (F: the difference of fluorescence intensity
between baseline and peak; F0: the control diastolic Ca2+

baseline)

0.64 ± 0.08

[% change]

hen the data were analysed for this table, if spontaneous [Ca2+]i transients had stopped
alues, and spontaneous [Ca2+]i transient rate and [Ca2+]i transient amplitude were taken
** P < 0.01 versus control.
$$ P < 0.01 compared with 0.
.

Fig. 2B illustrates the time-course of effect of KB-R7943. Fig. 2Bi
shows a representative plot of outward current (measured at
+60 mV) against time, whilst Fig. 2Bii shows inward current (mea-
sured at −80 mV) from the same cell. Rapid application of either
Ni2+ or KB-R7943 led to rapid changes of both inward and outward
currents. However, although both agents caused almost complete
inhibition of peak inward current, only Ni2+ completely inhibited
peak outward current: some residual outward current remained at
+60 mV in the presence of KB-R7943. These results show that 5 �M
KB-R7943 was able to inhibit AVN INCX rapidly and completely at
voltages relevant to the diastolic depolarization of AVN cells.

3.3. KB-R7943 inhibition of ICa,L

Fig. 3A shows representative traces of ICa,L elicited in an AVN
cell by depolarization from −40 mV to 0 mV (see Section 2), before,
during and after application of 5 �M KB-R7943, which caused a
reduction in ICa,L that was reversible on washout. Mean data show-
ing the time-course and extent of inhibition of ICa,L are shown
in Fig. 3B; KB-R7943 reduced ICa,L at 0 mV from −18.57 ± 1.54

to −14.72 ± 1.28 pA/pF (a 20 ± 6% decrease; P < 0.01 versus con-
trol solution, n = 12) after 15 s exposure to KB-R7943 and to
−12.68 ± 1.06 pA/pF (a 31 ± 6% decrease; P < 0.01 versus control
solution, n = 12) after 40 s exposure to KB-R7943. After 90 s expo-
sure to KB-R7943, ICa,L was −11.94 ± 1.42 pA/pF (ns, compared to

cells (n = 12).

At 15 s after KB-R7943 exposure At 40 s after KB-R7943 exposure

1.35 ± 0.24** 0.58 ± 0.21**

[−53.0 ± 8.0%] [−79.1 ± 7.4%]
−9.3 ± 3.2$$ −16.9 ± 2.8$$

1.44 ± 0.12 1.16 ± 0.12**

[−13.1 ± 3.5%] [−29.2 ± 4.8%]
0.53 ± 0.11 0.33 ± 0.12**

[−27.6 ± 10.4%] [−60.6 ± 12.7%]

in the presence of KB-R7943, diastolic Ca2+ and [Ca2+]i transient peak had the same
as 0.
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Fig. 2. KB-R7943 inhibits the nickel-sensitive INCX in rabbit AVN cells. (Ai) Mean net current densities recorded by a ramp protocol from +60 to −80 mV (duration = 250 ms,
holding potential = −40 mV, frequency = 0.33 Hz) from AVN myocytes (n = 5) during superfusion with the control solution and exposure to 5 �M KB-R7943 or 5 mM nickel
chloride. (Aii) Control – nickel represents the nickel-sensitive INCX density by subtracting the current density during exposure to nickel from that in control; control –
KB-R7943 represents the KB-R7943-sensitive current; and (control – nickel) − (control – KB-R7943) represents the residual nickel-sensitive INCX after KB-R7943 inhibition.
*P < 0.05, **P < 0.01: control – nickel versus control – KB-R7943. (Bi and Bii) Representative time-courses of the net current densities obtained at +60 mV (Bi) and −80 mV (Bii)
from an AVN cell during superfusion with the control solution and exposure to 5 �M KB-R7943 and 5 mM nickel as indicated.

Fig. 3. KB-R7943 inhibits ICa,L in rabbit AVN cells. (A) Representative ICa,L traces from an AVN myocyte in the absence (control) and presence of 5 �M KB-R7943 and on
washout, as indicated. The corresponding protocol used to elicit ICa,L and the time scale bar are shown underneath. (B) The time-course of mean ICa,L densities (at 0 mV,
protocol shown as in A) from AVN myocytes (n = 12) in absence (control) and presence of 5 �M KB-R7943 (and following washout), as indicated.
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0 s). These effects were rapidly but only partially reversed on
ashout (peak current recovered to −14.85 ± 1.39 pA/pF; 80 ± 7%

f control). Thus, 5 �M KB-R7943 was partially able to inhibit
Ca,L over a time-course similar to that over which the compound
ffected spontaneous APs.

Given the observations in Figs. 2 and 3, additional experiments
ere performed using a lower concentration of 0.2 �M KB-R7943

n an attempt to inhibit NCX without affecting ICa,L. However,
lthough spontaneous APs and [Ca2+]i transient rates were reduced
by 41 ± 18% (P < 0.05, n = 9), and 70 ± 16% (P < 0.01, n = 10), respec-
ively), both INCX and ICa,L were still affected: Ni2+-sensitive inward
NCX at −80 mV was inhibited 84 ± 10% (P < 0.01, n = 3), whilst peak
Ca,L was decreased by 23 ± 5% (P < 0.01, n = 7).

To investigate the possible contribution of decreased ICa,L
o the effect of KB-R7943 on spontaneous activity, we empir-
cally determined a concentration of the Ca2+ channel blocker
ifedipine (0.2 �M) that produced approximately the same frac-
ional decrease of ICa,L as that observed in response to KB-R7943.
his concentration of nifedipine significantly (P < 0.01; n = 6)
ecreased ICa from −17.72 ± 2.38 pA/pF to −12.46 ± 1.84 pA/pF (i.e.
y 29.9 ± 4.1%) after 15 s, −13.09 ± 1.51 (by 25.2 ± 2.2%) after 30 s,
nd −12.77 ± 1.40 (by 26.7 ± 2.2%) after 60 s exposure. This concen-
ration of nifedipine decreased spontaneous AP rate by 11.8 ± 4.6%
P < 0.05 versus control) after 15 s, by 12.1 ± 3.1% after 30 s (P < 0.01
ersus control; not significantly different from effect at 15 s), and
y 10.7 ± 4.4% after 60 s (P < 0.05 versus control; not significantly
ifferent from effect at 15 or 30 s). Interestingly, these percent-
ge decreases in rate are similar to the 13% decrease observed
n cells which did not stop beating in response to KB-R7943
above). However, in contrast to the response to KB-R7943, 90 s
xposure to nifedipine had little effect on maximum diastolic
otential and did not cause cessation of spontaneous APs; nifedip-

ne did, however, significantly (P < 0.05) decrease upstroke velocity,
y 33.7 ± 4.2%, 44.4 ± 6.2%, and 44.6 ± 6.8% after 15, 30 and 60 s
xposure, respectively, and significantly (P < 0.01) decreased action
otential overshoot by 47.4 ± 8.5%, 46.4 ± 9.0%, and 50.3 ± 10.3%
fter 15, 30 and 60 s exposure, respectively.

.4. Low extracellular sodium ([Na+]e) inhibits spontaneous
ction potentials

Application of low [Na+]e, has been shown previously to abolish
pontaneous [Ca2+]i transients from AVN cells at ambient temper-
ture [13]. In light of this and the observed effects of KB-R7943 on

Ca,L (Fig. 3), [Na+]e reduction (to 40 mM; see Section 2) was used
o reduce forward mode NCX activity. In 9 out of 11 cells, reduc-
ion of [Na+]e caused spontaneous APs to stop rapidly within ∼5 s.
n the remaining 2 cells, although spontaneous APs did not stop

ith brief (∼10 s) exposure to low [Na+]e, the AP rate decreased by
7% (P < 0.05; versus control solution, n = 2), and then recovered fol-

owing return to control solution. Sustained exposure to low [Na+]e

as not possible in these experiments as this led to cell contracture
nder our conditions.

.5. SERCA blockade inhibits spontaneous activity

Thapsigargin and CPA were used to investigate the effect of
epleting the SR by inhibiting SR Ca2+ uptake. Fig. 4A shows the
ffect of rapid application of 2.5 �M thapsigargin [31] on sponta-
eous APs. After exposure to thapsigargin, spontaneous AP rate

nitially increased and then decreased before stopping. Sponta-

eous APs stopped within 30 s in 3 out of 10 cells, and in all
ells after ∼90 s. Spontaneous [Ca2+]i transients showed a similar
esponse: Fig. 4B shows a representative recording of the effect
f thapsigargin on spontaneous [Ca2+]i transients. On initial expo-
ure to thapsigargin, diastolic Ca2+ and spontaneous rate increased;
m 49 (2011) 56–65 61

this was followed by a decrease in diastolic Ca2+ and a progressive
decrease in rate and cessation of spontaneous [Ca2+]i transients.
Thapsigargin caused cessation of spontaneous [Ca2+]i transients
within 30 s in 5 out of 7 AVN cells, and after 60 s in all 7 cells.
Table 3 shows mean data illustrating the time-course of the effect
of thapsigargin on AP and [Ca2+]i transient parameters (at 5, 15 and
30 s exposure to thapsigargin, incorporating measurements from
all cells studied. By 60 s all cells were quiescent). The effects of thap-
sigargin were time-dependent (Table 3 and Fig. 4) and irreversible.
Spontaneous AP frequency and slope of diastolic depolarization
initially increased slightly (albeit ns) at 5 s, and then decreased fol-
lowing 15 and 30 s exposure to thapsigargin. Maximum diastolic
potential and AP amplitude decreased progressively in the pres-
ence of thapsigargin. The [Ca2+]i transient rate initially increased
at 5 s and then decreased following 15 and 30 s exposure to thapsi-
gargin; diastolic calcium initially increased slightly (albeit ns) and
subsequently decreased during exposure to the compound.

CPA (30 �M) was also used to inhibit SERCA. Its effects on spon-
taneous activity were similar to those of thapsigargin. In brief, after
30 s exposure to CPA, spontaneous APs had ceased in 3 out of 9 cells,
and [Ca2+]i transients had ceased in 6 out of 10 cells; spontaneous
action potentials and [Ca2+]i transients had ceased in all cells after
90 s exposure to CPA. Incorporating data from all cells studied (n = 9
for APs, n = 10 for [Ca2+]i transients), spontaneous AP frequency
initially increased by 6.9 ± 3.0% after 5 s (P < 0.05 versus control)
and then decreased by 58.4 ± 11.8% (P < 0.01 versus control) after
30 s exposure to CPA. Similarly, [Ca2+]i transient frequency initially
increased, by 64.1 ± 17.6% after 5 s (P < 0.01 versus control) and
then decreased by 66.9 ± 16.1% (P < 0.05 versus control) after 30 s
exposure to CPA.

4. Discussion

4.1. Actions of the NCX inhibitor KB-R7943

KB-R7943 has been used widely in experiments on intact hearts,
isolated cardiac tissues and cells (e.g. [8,15–18]). When KB-R7943
was first tested on guinea-pig ventricular INCX, it was reported to
exhibit preferential inhibition of outward INCX (i.e. reverse mode
NCX) [32], however it was found subsequently to inhibit both
modes of NCX function under bi-directional INCX recording con-
ditions [15,33]. This compound has been used in experiments that
implicated NCX in canine SAN activity [34] and, at the same concen-
tration as used here, has also been reported to inhibit spontaneous
activity of guinea-pig isolated SAN cells [8]. However, to our knowl-
edge the present study is the first in which this agent has been
used in experiments on an AVN preparation. Under our conditions,
5 �M KB-R7943 produced bi-directional block of AVN INCX, though
with an apparent preference for inward INCX (i.e. forward mode
NCX). 5 mM Ni2+ is an effective inhibitor of INCX when used under
NCX-selective conditions [35,36]. Thus, the similarity of inward KB-
R7943-sensitive current and Ni2+-sensitive inward current under
INCX-selective conditions suggests a maximal or near maximal inhi-
bition of forward mode INCX at this concentration of KB-R7943. NCX
can be anticipated to be operating in the forward mode (inward
INCX) over the diastolic potential range of AVN cells. Thus, the
marked effect of KB-R7943 on AVN cell spontaneous rate (for both
APs and [Ca2+]i transients) is consistent with a significant role for
NCX in AVN pacemaking. This notion is supported by the inhibitory
effect of rapid application of a low [Na+]e solution at physiological

(this study) and ambient (reported previously [13]) temperatures.

However, KB-R7943 is not entirely selective for NCX: Kimura
and colleagues found that the compound inhibited INa, ICa,L and the
inward rectifier K+ current IK1 with IC50 values of 14, 8 and 7 �M
respectively [32]. Rabbit AVN cells lack IK1 [21,26] and Na chan-
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Fig. 4. Effects of thapsigargin on spontaneous action potentials and [Ca2+]i transients. (A) Thapsigargin inhibits spontaneous action potentials. The top trace shows a slow
time-base recording of membrane potential from a representative AVN myocyte before, during and after application of 2.5 �M thapsigargin, as indicated above the trace. The
lower traces show sections of the top panel from the periods indicated, in the absence (left) and presence (middle and right) of thapsigargin, displayed at a faster time-base.
The time scale bar in the lower left trace applies to all three lower traces. In the first few seconds after thapsigargin exposure, initially the spontaneous AP rate increased
and then decreased, with cessation of activity at ∼60 s after thapsigargin exposure. (B) Thapsigargin inhibits spontaneous [Ca2+]i transients. The top trace shows a slow
time-base averaged fluorescence plot of a confocal line-scan image from a representative AVN myocyte (different cell from A) before, during and after application of 2.5 �M
thapsigargin as indicated above the trace. The lower panels show sections of the top trace from the periods indicated, in the absence (left) and presence (middle and right) of
thapsigargin, displayed at a faster time-base. The time scale bar in the lower left trace applies to all three lower traces. In the first few seconds after thapsigargin exposure,
initially the [Ca2+]i transient rate increased, and the diastolic calcium baseline was elevated; the spontaneous [Ca2+]i transient rate then decreased and stopped at ∼20 s
following thapsigargin exposure.
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Table 3
Effect of 2.5 �M thapsigargin on spontaneous [Ca2+]i transients and action potentials (APs) in rabbit atrioventricular node cells.

Parameters Control At 5 s after
thapsigargin exposure

At 15 sec after
thapsigargin exposure

At 30 s after
thapsigargin exposure

Spontaneous AP (n = 10)
Rate (beats/s) 3.22 ± 0.25 3.40 ± 0.33 2.44 ± 0.36* 1.48 ± 0.44**

[% change, compared with control] [5.6 ± 4.3%] [−25.1 ± 6.9%] [−57.8 ± 10.9%]
Slope of pacemaker diastolic depolarization (mV s−1) 97.7 ± 18.9 102.0 ± 17.6 68.1 ± 18.5* 33.6 ± 10.3**

[% change] [12.6 ± 12.1%] [−31.9 ± 7.4%] [−65.1 ± 11.7%]
Maximal diastolic potential (MDP, mV) −52.74 ± 3.09 −50.55 ± 3.02 −50.68 ± 2.71 −46.31 ± 2.47*

[% change] [−4.1 ± 1.4%] [−3.6 ± 1.6%] [−11.5 ± 3.5%]
AP amplitude (mV) 63.96 ± 3.99 59.65 ± 3.75 59.68 ± 4.46 43.20 ± 9.82*

[% change] [−6.5 ± 1.9%] [−7.2 ± 3.7%] [−35.0 ± 14.4%]
Spontaneous [Ca2+]i transient (n = 7)

Rate (beats/s) 3.27 ± 0.41 4.36 ± 0.36* 1.95 ± 0.56* 0.35 ± 0.34**

[% change, compared with control] [38.7 ± 13.1%] [−43.9 ± 13.1%] [−87.5 ± 12.5%]
Percentage increase of diastolic Ca2+ baseline compared with control (%) – 4.52 ± 2.49% −7.05 ± 4.89 −27.47 ± 7.21$$

When the data were analysed for this table, if spontaneous activity had stopped in the presence of thapsigargin, the values for maximal diastolic potential were taken as the
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* P < 0.05, versus control.
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$$ P < 0.01 compared with 0.

els are sparse or absent from the compact node [37]; moreover,
he maximal upstroke velocity of AVN control APs in our KB-R7943
xperiments (<6 V s−1) is inconsistent with a major role for INa in
riving the AP upstroke in the cells studied here. Thus, effects of KB-
7943 on INa or IK1 are unlikely to have contributed significantly
o the effects of this agent observed in the present study. On the
ther hand, ICa,L plays a major role in AP genesis [38,39]. Under our
onditions 5 �M KB-R7943 inhibited ICa,L by ∼31%, which is com-
atible with earlier ventricular cell data [30,32,33]. This secondary
ction of KB-R7943 is likely to contribute significantly to changes to
P upstroke velocity and overshoot seen here, whilst progressive
epolarization in MDP may also have contributed via facilitating

CaL inactivation. When the role of ICa,L was tested by investigat-
ng the effect of a nifedipine concentration that produced a similar
ecrease of ICa,L to KB-R7943, this compound produced a marked
ffect on AP upstroke velocity and overshoot, consistent with the
stablished role of ICa,L in AVN APs [38,39]. However, in no cell
tudied did nifedipine induce quiescence (although spontaneous
P rate decreased by ∼12%). Thus, any secondary effect of KB-R7943
n ICa,L is likely only to have had a comparatively minor effect on
pontaneous AP rate, and the observed cessation of spontaneous
ctivity in KB-R7943-treated cells is unlikely to be attributable to
n effect on ICa,L. The ‘resting’ potential at which cells became qui-
scent in KB-R7943 (−26 mV) is more positive than the known zero
urrent potential of AVN cells (−40 mV [21,26]). This may suggest
n additional action of KB-R7943, potentially on an outward resting
onductance. Although this avenue was not pursued in the present
tudy, an inhibitory effect on delayed rectifier K+ current has been
eported [30] and the rapid delayed rectifier (IKr) is active during
VN AP repolarization and the diastolic depolarization [14,40,41].

.2. Influence of SERCA inhibition on AVN spontaneous activity

Recent studies have shown that inhibition of ryanodine recep-
ors (RyRs) in AVN cells has a marked inhibitory effect on
pontaneous AP and calcium transient rate [13,14]. If SR Ca2+

elease is involved in AVN cell pacemaking, then inhibition of SR
a2+ reuptake by inhibition of SERCA would also be predicted
o reduce spontaneous rate. Indeed, SERCA inhibition has been
bserved to slow the spontaneous rate of guinea-pig [3,8], canine

42] and rabbit [43] SAN preparations. The immediate effect of
ERCA inhibition by both thapsigargin and CPA in the present
tudy was an initial increase in diastolic [Ca2+]i and in spontaneous
P and [Ca2+]i transient rate. This is consistent with a scheme in
hich transiently raised [Ca2+]i, due to reduced SR reuptake of Ca2+,
d spontaneous [Ca2+]i transient rate was taken as 0.

leads to greater activation of a sarcolemmal electrogenic process
(most likely involving the NCX, as discussed above). The subsequent
decline in spontaneous AP/[Ca2+]i transient rate would be antici-
pated to follow this transient increase, once the SR were depleted
of Ca2+ and this had been removed from the cytosol. In time, the
loss of SR Ca2+ would in turn remove the influence of cyclic SR Ca2+

release on sarcolemmal electrogenicity. CPA was found to produce
qualitatively similar results to thapsigargin; thus data with both
agents implicate SR Ca2+ cycling in spontaneous activity.

In the SAN, a calcium “clock” has been proposed along with
the traditional voltage clock (i.e. membrane currents generated by
voltage-dependent ion channels) to bring about spontaneous activ-
ity [44,45]. It has been proposed that after a calcium transient of the
SAN cell, as SR calcium content increases and ryanodine receptors
(RyRs) recover from inactivation, high [Ca2+] in the SR lumen acti-
vates RyRs, causing a localized subsarcolemmal calcium release (i.e.
a calcium spark) [46]. This causes a local increase of cytoplasmic
[Ca2+], stimulating inward INCX. This brief inward current causes
a small diastolic depolarization, with summation of such individ-
ual events bringing the membrane potential to threshold for an
action potential. This rhythmic spontaneous SR Ca2+ release/spark
shows inherent rhythmicity, giving rise to the term “calcium clock”
[44,46]. In our previous study of AVN cells at ambient tempera-
ture calcium sparks occurred relatively infrequently [13] and in our
present experiments calcium sparks were not detected in sponta-
neously beating AVN cells. It seems unlikely, therefore, that the
calcium clock mechanism identified for the rabbit SAN [46] under-
pins the role of SR Ca2+ release in AVN cell pacemaking; our data are
more consistent with a scheme in which Ca2+ transients initiated
by the AP upstroke in turn activate sarcolemmal NCX to extrude
Ca2+ generating an inward current that persists into diastole.

4.3. Strengths, limitations and conclusions

In comparison to the SAN [3,4,6–10,42–46], comparatively few
data exist regarding Ca2+ handling by AVN cells [13,14]. The present
results not only add new information about Ca2+ handling, but
also further implicate SR Ca2+ cycling in electrogenicity of spon-
taneously active AVN cells. Caveats in the use of KB-R7943 are
highlighted earlier in the ‘Discussion’. The use of this compound

is nevertheless warranted because it is arguably the most effec-
tive commercially available NCX inhibitor and because it has been
used in prior cardiac studies [8,15–18,32–34]. The AVN is known
to be a heterogeneous structure [1,21,47] and cells were isolated
from the entire AVN region, so that it is not possible to attribute
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ith certainty AVN regional sub-types to individual cells studied.
owever, this uncertainty is shared with numerous previous AVN

tudies (e.g. [13,21,26]), and the relatively slow AP upstroke veloc-
ties observed here are most compatible with ‘N-like’ or ‘NH-like’
Ps [47]. Although concurrent Ca2+ transient and AP recordings
ould permit changes to both events to be viewed in parallel, we

ound that a combination of Fluo-4 dye loading and whole-cell
ecording rapidly led to quiescence in nearly all cells studied in
his way. Thus, in order to minimize cell dialysis and buffering of
a2+ transients, Ca2+ transients and APs were therefore recorded in
eparate experiments. Nevertheless, the limited data that we have
btained recording both parameters simultaneously (not shown)
howed no cyclic changes of [Ca2+]i in the absence of APs; this is
onsistent with a scheme in which the AP upstroke initiates the SR
a2+ release process which itself ultimately then influences dias-
olic depolarization. Our thapsigargin and CPA data demonstrate
hat inhibition of SERCA prevents effective Ca2+ cycling and thereby
nfluences spontaneous activity. Inhibition of spontaneous activity
y two KB-R7943 concentrations differing >20 fold, together with
he inhibitory effect of low [Na]e strongly implicates the NCX as a

ajor electrogenic transport process that couples SR Ca2+ release
o spontaneous AP genesis. Further work is required to determine
hether NCX is the only such process or whether, as has been

uggested for the SAN, other mechanisms such as [Ca2+]i sensitive
ation channels [48] may also be involved.
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