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BACKGROUND AND PURPOSE
The volatile anaesthetic sevoflurane affects heart rate in clinical settings. The present study investigated the effect of
sevoflurane on sinoatrial (SA) node automaticity and its underlying ionic mechanisms.

EXPERIMENTAL APPROACH

Spontaneous action potentials and four ionic currents fundamental for pacemaking, namely, the hyperpolarization-activated
cation current (I), T-type and L-type Ca*" currents (Ic,t and Ic,, respectively), and slowly activating delayed rectifier K*
current (l), were recorded in isolated guinea-pig SA node cells using perforated and conventional whole-cell patch-clamp
techniques. Heart rate in guinea-pigs was recorded ex vivo in Langendorff mode and in vivo during sevoflurane inhalation.

KEY RESULTS

In isolated SA node cells, sevoflurane (0.12-0.71 mM) reduced the firing rate of spontaneous action potentials and its
electrical basis, diastolic depolarization rate, in a qualitatively similar concentration-dependent manner. Sevoflurane (0.44 mM)
reduced spontaneous firing rate by approximately 25% and decreased I, Icar, lcar and Ik by 14.4, 31.3, 30.3 and 37.1%,
respectively, without significantly affecting voltage dependence of current activation. The negative chronotropic effect of
sevoflurane was partly reproduced by a computer simulation of SA node cell electrophysiology. Sevoflurane reduced heart rate
in Langendorff-perfused hearts, but not in vivo during sevoflurane inhalation in guinea-pigs.

CONCLUSIONS AND IMPLICATIONS

Sevoflurane at clinically relevant concentrations slowed diastolic depolarization and thereby reduced pacemaking activity
in SA node cells, at least partly due to its inhibitory effect on k, Icat and lc... These findings provide an important
electrophysiological basis of alterations in heart rate during sevoflurane anaesthesia in clinical settings.

Abbreviations

APA, action potential amplitude; APD, action potential duration; APDs,, action potential duration measured from the
peak to 50% repolarization; APDoo, action potential duration measured from the peak to 90% repolarization; DDR,
diastolic depolarization rate; gca1, conductance of L-type Ca?" current; gc.r, conductance of T-type Ca*" current; g,
conductance of hyperpolarization-activated cation current; HCN, hyperpolarization-activated cyclic nucleotide-gated
channel; Ic,, voltage-dependent Ca*" current; Ic,;, L-type Ca?* current; Ic,r, T-type Ca?* current; I, hyperpolarization-
activated cation current; Iy, rapidly activating delayed rectifier K* current; Ik, slowly activating delayed rectifier K*
current; Incx, Na*/Ca?* exchange current; I-V, current-voltage; k, slope factor; KB, Kraftbrithe; max dV-dt™!, maximum
upstroke velocity; MDP, maximum diastolic potential; SA, sinoatrial; t, time constant; Vi, voltage at half-maximal
activation
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Introduction

The spontaneous activity of the sinoatrial (SA) node underlies
the intrinsic automaticity of mammalian heart and is pro-
foundly affected by the autonomic nervous system. The dias-
tolic depolarization (pacemaker depolarization) in SA node
action potentials plays an essential role in the generation of
spontaneous electrical activity and is due to a very small net
inward current produced by a complex but coordinated inter-
action of several inwardly and outwardly directed ion cur-
rents (DiFrancesco, 1993; Dobrzynski et al., 2007; Mangoni
and Nargeot, 2008; Verkerk et al., 2009). These include the
activation of inward currents such as the hyperpolarization-
activated cation current (I;) (DiFrancesco, 1991), T-type and
L-type Ca* currents (Ic,r and Ic,, respectively) (Hagiwara
etal., 1988; Verheijck etal.,, 1999; Mangoni etal., 2003;
2006), background non-selective cation current (Hagiwara
etal.,, 1992) and Ca® release-activated Na‘/Ca** exchange
current (Incx; Bogdanov et al., 2006), and deactivation of
outward currents such as the rapidly and slowly activating
delayed rectifier K* currents (Ix, and I, respectively) [Verheijck
etal., 1995; Ono et al., 2000; Matsuura et al., 2002; channel
nomenclature follows Alexander et al. (2011)].

Although there is some debate regarding the physiologi-
cal relevance of I; in SA node pacemaking, available electro-
physiological and pharmacological data indicate that I; is
activated and produces an inward current during diastolic
depolarization (especially in its early phase) in various mam-
malian species including humans (DiFrancesco, 1991;
BoSmith et al., 1993; Mangoni and Nargeot, 2001; Thollon
etal., 2007; Verkerk etal., 2007; Baruscotti etal., 2010).
Molecular genetic and functional studies have also shown
that loss-of-function mutations in the gene encoding the
hyperpolarization-activated cyclic nucleotide-gated channel
4 (HCN4), the dominant component of human I (Shi et al.,
1999), are responsible for SA node dysfunction associated
with sinus bradycardia (Schulze-Bahr et al., 2003; Ueda et al.,
2004; Milanesi et al., 2006; Nof et al., 2007), which provides
further evidence that I; contributes to SA node pacemaker
activity in humans.

A number of studies have investigated the effects of sevof-
lurane and other volatile anaesthetics on heart rate in
animals, human volunteers and patients (Ebert et al., 1995a).
Sevoflurane produces an increase in heart rate in chronically
instrumented dogs but does not appreciably alter heart rate in
instrumented swine (Manohar and Parks, 1984; Bernard et al.,
1990). On the other hand, in healthy volunteers, sevoflurane
inhalation is associated with stable and unchanged heart rate
(Holaday and Smith, 1981; Malan et al., 1995; Ebert et al.,
1995b), whereas there are small but discernible changes in
heart rate from awake baseline value during sevoflurane ana-
esthesia in children and adult patients during surgical opera-
tions (Frink etal., 1992; Lerman et al.,, 1994; Smith et al.,
1996). It is highly likely that these clinical data are influenced
by many factors such as surgical procedures, neuronal
reflexes, drug interactions, and changes in arterial blood P,
Pco, and pH. Most of these factors seem to alter sympathetic
and parasympathetic nerve activity and thereby secondarily
affect the heart rate during sevoflurane inhalation.

To elucidate the direct effect of volatile anaesthetics on SA
node function without these secondary influences, experi-
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ments on isolated SA node tissue or cells are required. Previ-
ous electrophysiological studies with microelectrode
transmembrane recordings have clearly shown that hal-
othane, enflurane and isoflurane moderately decelerate the
spontaneous beating rate of guinea-pig SA node tissue
(Bosnjak and Kampine, 1983). However, there is little infor-
mation concerning the effect of these volatile anaesthetics on
ionic currents contributing to SA node automaticity. Further-
more, the direct effect of the commonly used inhalational
anaesthetic sevoflurane on SA node automaticity has yet to
be fully elucidated.

The present electrophysiological study using isolated
guinea-pig SA node cells provides the first detailed evidence
that sevoflurane at clinically relevant concentrations pro-
duces moderate slowing of SA node automaticity, which may
be at least partly due to its inhibitory action on I, Ic,r and

ICa,L~

Methods

SA node cell preparation

All animal care and experimental procedures complied with
the Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (NIH Publica-
tion No. 85-23, revised 1996) and were approved by the
institution’s Animal Care and Use Committee (2010-12-5). A
total of 28 female Hartley guinea-pigs (5-8 weeks old, 250-
400 g) were used in the work described here. All studies
involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (McGrath et al., 2010).

Single SA node cells were isolated using an enzymatic
dispersion procedure similar to that described previously
(Guo et al., 1997; Matsuura et al., 2002). Briefly, guinea-pigs
were deeply anaesthetized with sodium pentobarbital (i.p.,
120 mg-kg™"), and then the chest cavity was opened under
artificial respiration. The ascending aorta was cannulated in
situ and the heart was then excised and retrogradely perfused
via the aortic cannula on a Langendorff apparatus at 37°C,
initially for 4 min with normal Tyrode solution containing
(in mM) 140 NaCl, 5.4 KCIl, 1.8 CaCl,, 0.5 MgCl,, 0.33
NaH,PO,, 5.5 glucose and 5 HEPES (pH adjusted to 7.4 with
NaOH), and then for 4 min with nominally Ca*-free Tyrode
solution (made by simply omitting CaCl, from the normal
Tyrode solution). This was followed by 8-12 min of perfusion
with nominally Ca*-free Tyrode solution containing
0.4 mg-mL™" collagenase (Wako Pure Chemical Industries,
Osaka, Japan). All these solutions were oxygenated with
100% O,. The digested heart was then removed from the
Langendorff apparatus, and the SA node region, bordered by
the crista terminalis, the intra-atrial septum, and superior and
inferior vena cava, was dissected out and cut perpendicular to
the crista terminalis into small strips measuring about
0.5 mm in width. These SA node tissue strips were further
digested at 37°C for 20 min with nominally Ca*-free Tyrode
solution containing 1.0 mg-mL™" collagenase (Wako) and
0.1 mg-mL™" elastase (Wako). Finally, the enzymatically
digested SA node strips were gently agitated in a high-K*,
low-Cl~ Kraftbriihe (KB) solution, containing (in mM) 70



K-glutamate, 30 KCI, 10 KH,PO,, 1 MgCl,, 20 taurine, 0.3
EGTA, 10 glucose and 10 HEPES (pH adjusted to 7.2 with
KOH) (Isenberg and Klockner, 1982). The isolated cells thus
obtained were then stored at 4°C in the KB solution for
experimental use within 8 h.

Whole-cell patch-clamp recordings

Perforated and conventional (ruptured) whole-cell patch-
clamp techniques were used to record the spontaneous action
potentials and membrane currents (I, Icar, Icar and Ix) in the
current- and voltage-clamp modes respectively (Hamill et al.,
1981; Horn and Marty, 1988). An EPC-8 patch-clamp ampli-
fier (HEKA, Lambrecht, Germany) was used for these record-
ings. The fire-polished patch electrodes had resistance of
2.0-4.0 MQ when filled with the pipette solution. An aliquot
of dissociated cells was transferred to a recording chamber
(0.5 mL in volume) mounted on the stage of an inverted
microscope (TMD300, Nikon, Tokyo) and was superfused at
35-37°C with normal Tyrode solution. Cells dissociated from
the entire SA node region comprised morphologically hetero-
geneous cells, such as spindle- and spider-shaped cells.
Because spindle-shaped cells closely resemble the primary
pacemaker cells in the SA node (Belardinelli ef al., 1988), such
cells displaying regular contraction were selected for the
present experiments to assess the effect of sevoflurane on SA
node electrical activity.

Spontaneous action potentials were recorded in normal
Tyrode solution with a pipette solution containing (in mM)
70 potassium aspartate, 50 KCl, 10 KH,PO,, 1 MgSO, and 5
HEPES (pH adjusted to 7.2 with KOH). Amphotericin B
(100 pug-mL™, Wako) was added to the pipette solution just
before use and measurements were started 5-10 min after
giga-seal formation. In some experiments, spontaneous
action potentials were recorded in the presence of zatebra-
dine (Sigma, St Louis, MO, USA), NiCl, (Nacalai Tesque,
Kyoto, Japan) or nifedipine (Sigma). Stock solutions were
made either in distilled water (zatebradine, 1 mM; NiCl,, 1 M)
or in dimethyl sulfoxide (nifedipine, 20 mM), and were
diluted in normal Tyrode solution for experimental use.

I; was recorded in normal Tyrode solution with a K*-rich
pipette solution containing (in mM) 70 potassium aspartate,
50 KCl, 10 KH,PO4, 1 MgSO,, 5 ATP (disodium salt; Sigma),
0.1 GTP (dilithium salt; Roche Diagnostics GmbH, Man-
nheim, Germany), 5 EGTA, 1.2 CaCl, and 5 HEPES (pH
adjusted to 7.2 with KOH; pCa was estimated to be 7.3;
Fabiato and Fabiato, 1979; Tsien and Rink, 1980). I; was acti-
vated by hyperpolarizing voltage-clamp steps applied from a
holding potential of —40 mV to test potentials of -50 to
—140 mV and was measured as a time-dependent increase in
inward current during the hyperpolarizing steps (Rigg et al.,
2003). During this hyperpolarization, I; was typically
recorded after an instantaneous current jump of small ampli-
tude in inward direction, which indicates that the inward
rectifier K* current was absent or very small in SA node cells
(van Ginneken and Giles, 1991; Guo et al., 1997; Matsuura
etal., 2002). The I; conductance (g;) was calculated at each test
potential according to the following equation: g = Ii/(V: —
Viev), where [; is current density, Vi is test potential and Ve, is
current reversal potential. The voltage dependence of I; acti-
vation was assessed by fitting I; conductance (g;) to a Boltz-
mann equation: gr= 1/(1 + exp((Vi — Vi,2)/k)), where V;, is the
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voltage at half-maximal activation and k is the slope factor.
When fully activated current-voltage (I-V) relationship for I
was measured by its tail current, 2 mM NiCl, and 0.5 mM
BaCl, were added to normal Tyrode solution to eliminate the
voltage-dependent Ca** current and the Ba*-sensitive com-
ponent of K* current respectively.

Icor and I, were measured with a Cs*-rich pipette solu-
tion containing (in mM) 90 cesium aspartate, 30 CsCl, 20
tetraethylammonium chloride, 2 MgCl,, 5 ATP (Mg salt;
Sigma), 5 phosphocreatine (disodium salt; Sigma), 0.1 GTP
(dilithium salt; Roche), 5 EGTA and 5 HEPES (pH adjusted to
7.2 with CsOH; pCa was estimated to be 9.5; Fabiato and
Fabiato, 1979; Tsien and Rink, 1980). The bath solution was a
Na*/K*-free solution supplemented with tetrodotoxin (TTX,
Wako), which contained (in mM) 140 Tris-hydrochloride, 1.8
CaCl,, 0.5 MgCl,, 5.5 glucose, 0.02 TTX and 5 HEPES (pH
adjusted to 7.4 with Tris-base). An SA node cell was initially
depolarized from a holding potential of -90 mV to various
test potentials of —60 to +50 mV in 10 mV steps to activate
the voltage-dependent Ca®* current (Ic,, composed of Ic,r and
Ic,1), and then was depolarized from a holding potential of
—60 mV to test potentials of —50 to +50 mV in 10 mV steps to
activate Ic,1. Icar was determined as the difference current
obtained by digital subtraction of Ic,. from I, at each test
potential of =50 to +50 mV (Ic,r at —60 mV was determined as
membrane current activated using a holding potential of
—90 mV without subtraction). The amplitude of Ic,r and Ic,.
was measured as peak inward current level. The conductance
for Ic,r and Ic,;, was obtained by dividing the current ampli-
tude at each test potential by the driving force and was
normalized with the maximum value at +20 mV. The normal-
ized conductance was fitted with a Boltzmann equation: gca,
(or gcar) = 1/(1 + exp((Vi2 — V)/K)), where V,, is the voltage at
half-maximal activation, V; is test potential and k is the slope
factor.

Ixs was measured with the K*-rich pipette solution during
superfusion with normal Tyrode solution supplemented with
5 uM E-4031 (Wako) and 0.4 uM nisoldipine (Sigma) to block
Ix, and Ic,; respectively (Matsuura et al., 2002). Stock solu-
tions were made either in distilled water (E-4031, S mM) or in
ethanol (nisoldipine, 1 mM) and were diluted in normal
Tyrode solution. Iy, was activated by depolarizing steps
applied from a holding potential of —-50 mV to test potentials
of —40 to +40 mV and its activation was evaluated by mea-
suring the amplitude of tail current elicited upon repolariza-
tion to the holding potential. Voltage dependence of I,
activation was evaluated by fitting the amplitude of tail
current density (Ixswi) with a Boltzmann equation: Iiswmi =
Lksaimax/ (1 + exp((Viz — Vi)/K)), where I uimax is the fitted
maximal tail current density.

In experiments measuring the effects of sevoflurane on I,
Icar, Icar and Iy, sevoflurane was usually superfused during
application of trains of activating steps for these currents, and
the effect of sevoflurane was determined when a steady-state
response was obtained.

All potentials were off-line corrected for a liquid junction
potential of 10 mV between the aspartate-rich pipette solu-
tions (K*- and Cs*-rich pipette solution) and bath solutions.
The voltage-clamp protocols and data acquisition were con-
trolled with PATCHMASTER software (HEKA), and current
records were low-pass filtered at 1 kHz, digitized at 2 kHz
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through an LIH-1600 interface (HEKA) and stored on a com-
puter. Cell membrane capacitance (C,) was calculated for
each cell from the capacitive transient elicited by 20 ms
voltage-clamp steps (+5 mV) according to the following
equation: Cy = 1clo/AVy(1 - I./I;), where 7¢ is the time con-
stant of the capacitive transient, I, is the initial peak current
amplitude, L. is the steady-state current value and AV, is the
amplitude of voltage step (Bénitah et al., 1993). The sampling
rate for these measurements of C,, was 50 kHz with a low-pass
10 kHz filter. The average values for C,, in SA node cells used
in the present study were 41.1 * 1.2 pF (mean * SEM; n = 64
cells). To account for differences in cell size, the current
amplitude was presented as current density (in pA-pF?),
obtained by normalizing with reference to C.. The zero-
current level is indicated to the left of the current records by
a horizontal line, while the zero-potential level is denoted by
a dashed line.

Administration of sevoflurane

Sevoflurane (Abbott Laboratories, North Chicago, IL, USA)
was equilibrated in extracellular solutions in a reservoir by
passing air (flow rate, 0.5 L-min™) through a calibrated vapor-
izer for at least 15 min before experiments. The mM concen-
trations of sevoflurane in bath solutions were measured to be
0.12, 0.32, 0.44, 0.58 and 0.71 mM by gas chromatography,
when delivered via vaporizer at volume percentages of 1, 2, 3,
4 and 5% of sevoflurane respectively (Kojima et al., 2011).
These ranges in mM concentrations of sevoflurane are
equivalent to the blood concentrations reported in patients
during sevoflurane anaesthesia (Frink et al., 1992; Matsuse
et al., 2011; refer to Discussion). In the present experiments,
sevoflurane concentration is expressed as mM concentrations
throughout, except for the experiments of sevoflurane inha-
lation in vivo where sevoflurane concentration is expressed as
volume percentage.

Measurement of heart rate in

Langendorff mode

Hearts were rapidly excised from guinea-pigs, mounted on a
Langendorff perfusion apparatus and perfused at a constant
pressure of 60 mmHg at 37°C with normal Tyrode solution
oxygenated with 100% O,. ECG was recorded via two silver
electrodes attached to the ventricular apex and to the aortic
cannula. An equilibration period of approximately 30 min
was allowed to ensure the stable ECG recordings. The hearts
were then successively perfused with sevoflurane at concen-
trations of 0.12, 0.44 and 0.71 mM for 10 min with interven-
ing washout periods of 10 min. It should be noted that the
effect of sevoflurane on heart rate was almost completely
reversed during the washout period.

Measurement of heart rate in vivo

Guinea-pigs were initially anaesthetized with sodium pento-
barbital (i.p., 80 mg-kg™?) and were artificially ventilated
through a tracheotomy with a respirator [tidal volume,
2.5 mL; rate, 60 min'; flow rate, 0.5 L-min' of an air-oxygen
mixture (60% inspired oxygen)]. Surface ECG was recorded
by placing wire electrodes in subcutaneous spaces in a lead II
configuration. A period of approximately 30 min was allowed
for the stabilization of surface ECG recordings, and sevoflu-
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rane was then successively administered in 0.5 L-min™* of an
air-oxygen mixture, at concentrations of 1, 3 and 5% in a
randomized order for a period of 10-20 min for each concen-
tration. ECG data were recorded from Langendortf and in vivo
hearts using PowerLab data acquisition system and LabChart
7 software (ADInstruments, Castle Hill, Australia).

Computer simulation of spontaneous

action potentials

The Kurata SA node model (Kurata et al., 2002) was coded by
simBio (Sarai et al., 2006) and was used for the computer
simulation study. The spontaneous action potentials of SA
node cells in the presence of sevoflurane were simulated by
decreasing the conductances for I, Ic,t, Ica; and/or I, which
were measured by the present voltage-clamp experiments,
without altering other parameters. Changes in firing rate,
diastolic depolarization rate (DDR), maximum diastolic poten-
tial (MDP), action potential amplitude (APA) and maximum
upstroke velocity (max dV-dt') were compared between the
experimental and simulated action potential data.

Statistical analysis

Results are expressed as the means + SEM, with the number
of animals (cell isolations) and cells from which measure-
ments were made indicated by N and n respectively. Statistical
comparisons were analysed using either one-way ANOVA fol-
lowed by Dunnett’s test or repeated measure ANOVA fol-
lowed by Newman-Keuls test (GraphPad Prism 5, La Jolla,
CA, USA). All statistical tests were two tailed. A value of P <
0.05 was regarded as statistically significant.

Results

Inhibitory effect of sevoflurane on
spontaneous activity in SA node cells

Figure 1 shows the results of a representative experiment
examining the effect of clinically relevant concentrations of
sevoflurane on spontaneous action potentials, with the use of
the amphotericin B-perforated patch-clamp technique. An SA
node cell was successively exposed to sevoflurane at concen-
trations of 0.12, 0.32, 0.44, 0.58 and 0.71 mM for 5-8 min,
with a washout interval of about 5-6 min between each expo-
sure (Figure 1A). As demonstrated in the lower panel of
Figure 1A, firing rate of spontaneous action potentials was
reduced during exposure to sevoflurane at each concentra-
tion, which then almost completely recovered to the initial
baseline level after washout of sevoflurane. Figure 1B-H illus-
trates action potentials (upper panels) and their first deriva-
tives (dV-dt', lower panels) on an expanded timescale
recorded before (control) and during exposure to sevoflurane
at each concentration, and after washout of 0.71 mM sevof-
lurane. Action potentials are characterized by the presence of
diastolic depolarization that leads to smooth transition into
the upstroke of the next action potential. Under control
conditions, the parameters for spontaneous action potentials
are shown in Table 1 and Figure 2. These parameters except
action potential duration measured from the peak to 50%
and 90% repolarization (APDs, and APDy,, respectively) were
significantly altered by the higher concentrations (0.44 mM
or greater) of sevoflurane.
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A SEVO (mM) 0.12  0.32 0.44 0.58 0.71

Vm

Firing rate
(min"")

SEVO 0.12 mM

Figure 1

Effect of sevoflurane (SEVO) on spontaneous action potentials in guinea-pig SA node cell. (A) Continuous recording of spontaneous action
potentials during 5-8 min administration of sevoflurane at concentrations of 0.12, 0.32, 0.44, 0.58 and 0.71 mM with 5-6 min of washout period
(upper panel). Simultaneous measurement of spontaneous firing rate plotted on the same timescale as in the action potential recordings, with a
dashed line indicating an initial baseline value of 163 min™" (lower panel). Sevoflurane was administered until the response of action potential
amplitude and spontaneous firing rate reached steady-state levels. The periods of administration of sevoflurane are noted above the recording of
action potentials. (B-H) Action potentials (upper panel) and their first derivatives (dV-dt™', lower panel) on an expanded timescale, recorded under
control conditions (B) and during exposure to sevoflurane at concentrations of 0.12 mM (C), 0.32 mM (D), 0.44 mM (E), 0.58 mM (F), and
0.71 mM (G), and after washout of 0.71 mM sevoflurane (H).
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Figure 2

Similar concentration dependence for the effects of sevoflurane on spontaneous firing rate and DDR. Spontaneous firing rate (A) and DDR (B)
plotted against concentrations of sevoflurane (mM). DDR was measured as the slope of diastolic depolarization over the first two-thirds of the
diastolic interval where it showed approximately constant value. The data points were fitted by a Hill equation: R = Ro/(1 + ([Sevoflurane]/ICso)™),
where R is the spontaneous firing rate (panel A) or DDR (panel B), R, is the estimated value for the spontaneous firing rate (panel A) or DDR (panel
B) without sevoflurane, ICs, is the concentration of sevoflurane causing a half-maximal response and ny is a Hill coefficient. The data were
reasonably well described by a Hill equation, yielding ICso of 0.34 mM and ny of 2.58 for spontaneous firing rate (A), and ICso of 0.34 mM and
ny of 2.47 for DDR (B). Sevoflurane was tested at two to five concentrations per cell in the range of 0.12-0.71 mM with a washout period of
5-6 min between each application. Data were included in the analysis when sevoflurane effect was almost completely recovered to the initial
baseline level, which was used as control. The number of cells is shown in parenthesis, obtained from 5 different cell isolations (N = 5). *P < 0.05
and **P < 0.01 compared with control.

Figure 3 A
Slowing of spontaneous activity of guinea-pig SA node cells by
zatebradine. (A) Superimposed action potentials recorded before

and during exposure to increasing concentrations of zatebradine

(0.1 and 1 uM) in a cumulative manner, with each concentration

applied for 10-15 min. (B,C) Summarized data for spontaneous

firing rate (B) and DDR (C) before and during exposure to 0.1 and

1 uM zatebradine. The number of cells is shown in parenthesis,

obtained from 3 different cell isolations (N = 3). *P < 0.05 and **P <

0.01 compared with control.
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We then focused on analysing the concentration-
dependent effect of sevoflurane on spontaneous firing rate
and its important electrophysiological determinant DDR
(Honjo etal., 1996; Verkerk et al., 2009). As illustrated in
Figure 2A, sevoflurane decreased the spontaneous firing rate
in a concentration-dependent manner with a half-maximal
ICso of 0.34 mM and Hill coefficient (ny) of 2.58. Notably,
DDR was also reduced by sevoflurane with a qualitatively
similar concentration dependence with an ICs, of 0.34 mM
and ny of 2.47 (Figure 2B). These similarities indicate that
sevoflurane slowed the spontaneous firing rate primarily by 10-
decreasing DDR. Sevoflurane was thus found to directly decel- 0 0.1 1 0 0.1 1
erate SA node automaticity when applied over a range of Zatebradine (uM) Zatebradine (uM)
clinically used concentrations.
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Inhibitory effect of sevoflurane on Iy in SA
node cells

To elucidate the ionic basis for the negative chronotropic
effect of sevoflurane, we examined the effect of sevoflurane
on four major ionic currents (I, Icar, Icar and Ixs) that contrib-
ute to the electrical activity of SA node cells. During the
course of these voltage-clamp experiments, we used a sevof-

2122 British Journal of Pharmacology (2012) 166 2117-2135

lurane concentration of 0.44 mM as a standard test concen-
tration, because this concentration is high enough to
significantly reduce both spontaneous firing rate and DDR
(Figure 2).

It has been demonstrated that I; activity constitutes one of
the main factors controlling DDR and spontaneous firing rate
in SA node pacemaker cells of various mammalian species
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Table 1

Parameters of spontaneous action potentials in the absence and presence of sevoflurane

Sevoflurane
Control L 0.44 mM
(n=15)
APA (mV) 855 = 1.3 83.0 = 1.6 75.6 = 2.9 71.1 + 3.3** 68.0 = 3.6** 60.9 = 2.8**
APDs, (ms) 96.1 = 2.3 101.5 = 6.1 96.1 = 7.9 93.2 + 8.4 93.1 = 7.8 89.1 = 6.5
APDy, (ms) 150.3 £ 2.6 161.1 + 6.6 160.5 = 8.1 1629 = 10.3 157.7 = 10.5 163.3 + 8.5
MDP (mV) -60.4 = 0.9 -58.8 = 0.9 -57.1 1.9 -55.2 = 1.7 -55.6 = 1.8 -53.2 = 1.9*
max dV-dt™ (V-s) 9.3 £ 2.0 7.5+ 1.6 52+14 4.4 +1.1* 3.8 £ 0.7** 2.5 = 0.5**

Data are presented as mean * SEM, and the number of experiments is shown in parenthesis (data are from same experiments as shown in
Figure 2, N =5). *P < 0.05, **P < 0.01 compared with control.

APA, action potential amplitude; APDs,, action potential duration measured from the peak to 50% repolarization; APDgo, action potential
duration measured from the peak to 90% repolarization; MDP, maximal diastolic potential; max dV-dt™!, maximum rate of rise of the action
potential.
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Reduction of i by sevoflurane (SEVO). (A) Superimposed current traces of k, activated during 1 s hyperpolarizing steps to potentials of —50 to
—140 mV applied from a holding potential of —-40 mV during sequential administration of 0.44, 0.12 and 0.71 mM of sevoflurane for 3-5 min with
a washout period of approximately 5 min between each application. (B) /s at test potentials of ~60 and =70 mV before (control) and during (SEVO)
exposure to 0.44 mM sevoflurane, shown on an expanded current scale. These traces are from panel A. (C) Time course of changes in the
amplitude of k during exposure to 0.44 mM sevoflurane. | was repetitively (every 6 s) activated by hyperpolarizing voltage steps to -130 mV
applied from a holding potential of —40 mV.
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Inhibitory effect of sevoflurane (SEVO) on [; at the quasi-steady-state activation. (A) Quasi-steady-state /-V relationships for I; in control and during
administration of 0.12, 0.44 and 0.71 mM of sevoflurane, obtained from current traces shown in Figure 4A. It was measured as the difference
between initial and late current levels recorded at the onset and end of voltage steps respectively. (B) Normalized | conductance-voltage
relationships measured at the quasi-steady-state in the absence and presence of 0.12, 0.44 and 0.71 mM sevoflurane. Conductance at each test
potential in control and in the presence of sevoflurane was normalized with reference to the maximum conductance obtained at —140 mV in
control. The smooth curves through the data points represent a least-squares fit with a Boltzmann equation, yielding V1, and k (see Table 2). (C)
Concentration-dependent reduction of /r conductance by sevoflurane. s conductance at =140 mV in the presence of 0.12, 0.44 and 0.71 mM of
sevoflurane was normalized with the control value at —140 mV and was fitted with a Hill equation, yielding an ICs, of 0.37 mM and ny of 1.40.
**P < 0.01 compared with control. In the experiments shown in panels B and C, the effect of sevoflurane on /s was tested at several concentrations
only when the inhibitory effect of the previous concentration was readily and almost completely reversed after the washout. The number of

experiments is shown in parenthesis (N = 3).

(DiFrancesco, 1991; DiFrancesco, 1993; Dobrzynski et al.,
2007; Mangoni and Nargeot, 2008; Verkerk et al., 2009; Bar-
uscotti et al., 2010). Zatebradine blocks It in SA node cells in a
concentration-dependent manner (ICso of 0.48 uM) and with
minimal effect on other ionic currents such as Ic,; and delayed
rectifier K* current at a concentration of 1 uM (Goethals et al.,
1993; Baruscotti et al., 2005). We therefore evaluated the func-
tional role of I; in electrical activity of guinea-pig SA node cells
by examining the effect of zatebradine at concentrations of
0.1 and 1uM. Spontaneously active SA node cells were
exposed to increasing concentrations of zatebradine (0.1 and
1 uM) in a cumulative manner. As demonstrated in Figure 3,
zatebradine at both concentrations decreased the spontane-
ous firing rate, associated with a significant reduction of DDR.
These results indicate that I; contributes at least partly to the
slope of diastolic depolarization and thereby firing frequency
of spontaneous action potentials in guinea-pig SA node cells,
consistent with previous studies on the same species (BoSmith
et al., 1993; Thollon et al., 2007).
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We then investigated the effect of sevoflurane on conduc-
tance, selectivity and kinetic properties of I; (Figures 4-7).
Figure 4A illustrates superimposed current traces in response
to hyperpolarizing steps to test potentials of —-50 to —-140 mV,
recorded during the successive administration of three dif-
ferent concentrations (0.44, 0.12 and 0.71 mM) of sevoflu-
rane for 3-5 min with a washout period of approximately
5 min. I; was appreciably activated at test potentials of —60
and -70 mV (Figure 4B), where the diastolic depolarization
develops, and was moderately inhibited by 0.44 mM sevof-
lurane. As illustrated in Figure 4C, we confirmed in different
sets of experiments that sevoflurane at 0.44 mM rapidly and
reversibly inhibited I, repetitively activated by hyperpolariz-
ing steps to —130 mV. It should be noted that because I
activation did not reach the steady-state levels within 1 s of
voltage steps to less hyperpolarized potentials of —60 to
-110 mV, the present experiments evaluated the effects of
sevoflurane on I; at the quasi-steady-state activation in these
potential ranges.
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Figure 6

Fully activated /-V relationships for /. (A) The membrane potential was hyperpolarized to —130 mV for 2 s and was then stepped back to various
test potentials of +10 to =50 mV in 10 mV steps, before and 5 min after exposure to 0.44 mM sevoflurane (SEVO), and after 5 min of washout,
obtained in the same cell. (B) I-V relationships for tail currents recorded at test potentials before (open circles) and during (filled circles) exposure
to 0.44 mM sevoflurane, and after washout (open squares). The straight lines represent linear regression fits to the data points.

Table 2

Parameters of voltage-dependent activation for I, Icat, Icar and I in the absence and presence of sevoflurane

Sevoflurane
Control 0.12 mM 0.44 mM 0.71 mM
Iy V2 (mV) -93.8 = 2.4 -95.5 = 2.1 -96.0 = 1.9 -96.2 = 1.6
k (mV) 10.8 = 0.4 11.4 £ 0.5 11.5 £ 0.4 11.8 £ 0.8
(n=28, N=3) (n=6, N=3) (n=7,N=3) (n=4,N=3)
lcat V2 (mV) —42.8 = 1.2 —43.9 = 2.7 —42.6 = 2.8
k (mV) 53 0.7 51 x1.5 51 =05
(n=8, N=3) (n=4,N=2) (n=4,N=2)
lca V2 (mV) -16.7 = 1.4 -19.4 = 1.7 -18.5 = 3.2
k (mV) 6.9 = 0.6 58 £0.3 6.7 = 0.6
(n=8, N=3) (n=4,N=2) (n=4,N=2)
Iks V2 (mV) 17.7 £ 1.1 18.0 = 1.1 18.8 = 1.1
k (mV) 14.0 = 0.6 14.2 + 0.7 13.1 = 1.0
(n=6, N=3) (n=6, N=3) (n=4,N=2)

Data are presented as mean * SEM, and the number of experiments is shown in parenthesis. There are no significant differences in each

parameter in the absence and presence of sevoflurane.

V152, voltage at half-maximal activation; k, slope factor.
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Effect of sevoflurane (SEVO) on the time course of /s activation. (A)
Single exponential fits (continuous curve) of | (dotted points), acti-
vated by hyperpolarizing steps to potentials of -80 to —140 mV
before and 5 min after exposure to 0.44 mM sevoflurane. (B) Sum-
marized data for the time constant of I activation in the absence and
presence of sevoflurane. There are no significant differences between
the control and sevoflurane groups at any test potentials. The
number of cells is shown in parenthesis (N = 3 for both groups).

Figure 5A illustrates quasi-steady-state I-V relationships
for I; in the absence and presence of sevoflurane at concen-
trations of 0.12, 0.44 and 0.71 mM, shown in Figure 4A. I
conductances in the absence and presence of sevoflurane
were estimated at each test potential using the reversal poten-
tial of —24 mV, which was similar in both conditions (control,
-24.1 = 0.7 mV; 0.44 mM sevoflurane, -24.3 = 0.8 mV, n=4,
N = 2; refer to Figure 6). Voltage dependence of I; activation
was evaluated by fitting the normalized I; conductance with
Boltzmann equation and was found to be little affected by
sevoflurane at any concentrations tested (Table 2). Sevoflu-
rane at concentrations of 0.12, 0.44 and 0.71 mM reduced the
maximal I; conductance determined at —140 mV by 4.6, 14.4
and 18.4% on average respectively (Figure 5B). Figure 5C
illustrates the concentration-dependent reduction of I; con-
ductance by sevoflurane, which was reasonably well fitted by
a Hill equation, yielding an ICs, of 0.37 mM and ny of 1.40.

The fully activated I-V relationships for I} were con-
structed by measuring the tail current amplitudes at various
test potentials following 2 s hyperpolarizing steps to -130 mV
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before, during exposure to 0.44 mM sevoflurane and after its
washout (Figure 6A). Figure 6B illustrates tail current densi-
ties plotted against the test potentials, with best-fit lines by
linear regressions. The slope of I-V relationship reflects the
fully activated I; conductance at -130 mV, and in a total of
four SA node cells, this slope was decreased by 15.8 + 2.3%
from 143.2 = 15.8 to 119.9 = 11.2 pS-pF ! by 0.44 mM sevof-
lurane, confirming again an inhibitory action of sevoflurane
on I;. It should be noted that a similar reduction of I; conduc-
tance was estimated when analysed by measuring the ampli-
tude of I; at a test potential of -130 mV in the absence and
presence of 0.44 mM sevoflurane (15.1 = 2.7% reduction, n=
7, N = 3; Figure 5B). The inhibitory effect of sevoflurane was
also largely reversible after its washout (Figure 6). In addition,
the reversal potential for I; was not altered by sevoflurane,
which suggests that ion selectivity for I; was not affected by
sevoflurane.

The activation time course of I; at potentials of —80 to
—140 mV, determined by fitting with single exponential func-
tion, was not also influenced by 0.44 mM sevoflurane
(Figure 7).

Inhibitory effects of sevoflurane on Ic,r and
Ica1 in SA node cells

There is good evidence that Ic,r and Ic,; play an important
role in the electrical activities associated with SA node auto-
maticity (Hagiwara et al., 1988; Kodama etal., 1997; Ver-
heijck et al., 1999; Mangoni et al., 2003; 2006; Dobrzynski
etal.,, 2007; Mangoni and Nargeot, 2008). In the present
experiments, the effects of sevoflurane on Ic,r and Ic,; were
examined by using two different holding potentials of —90
and -60 mV (Hagiwara et al., 1988; Mangoni and Nargeot,
2001). Because Ic,;. in SA node cells is largely conducted by
Cay1.3 channel (Tellez et al., 2006), which is activated at
more hyperpolarized potentials compared with that of Cay1.2
channel-based Ic,, (Lipscombe, 2002), depolarizing test steps
to record Ic,. were applied from a holding potential of
—-60 mV (Mangoni and Nargeot, 2001). Figure 8A illustrates
original current traces of Ic, (composed of Ic,r and Ic,;) and
Ica; recorded in the same SA node cell under control condi-
tions and 5 min after administration of 0.44 mM sevoflurane.
Ic, and Ic,. were activated by 200 ms depolarizing steps
applied from holding potentials of —90 and —60 mV respec-
tively. Ic,+ was obtained by digitally subtracting I, from Ic,
at each test potential (Figure 8B). Sevoflurane was found to
inhibit both Ic, r and Ic, . (refer to Figure 9). We also examined
the time courses for the action of 0.44 mM sevoflurane on Ic, r
and Ic,; in different sets of experiments. Because the activa-
tion of I, was minimal at a test potential of -50 mV
(Figure 8A), Ic,r was measured at depolarizing steps to
-50 mV applied from a holding potential of -90 mV. Sevof-
lurane caused rapid and reversible inhibition of Ic,r
(Figure 8C) and Ic,. (activated by depolarizing steps to
-10 mV applied from a holding potential of -60 mV;
Figure 8D).

Figure 9A and B, respectively, demonstrate the inhibitory
effects of sevoflurane on Ic,r and Ic, at all test potentials.
Under control conditions, amplitude of I+ peaked at
-30 mV (-3.5 = 0.3 pA-pF*, n=8, N = 3), whereas I, exhib-
ited a peak amplitude of —4.1 + 0.4 pA-pF' (n=8, N=3) at
—10 mV. These peak potentials of Ic,r and Ic, are, respec-



Inhibition of SA node automaticity by sevoflurane

A Control SEVO 0.44 mM B Difference
Ica IcaL Ica IeaL IcaT (Control) Ica (SEVO)
Vit vt vVt w -50 m\L _
-90 mV_l l_'_6° mv/ L_ .90 m\d l_'5° mv| L
-40 m\L

-60 mv

[

-50 mv

=30 mvV

L
]
ll_

-40 mV

Ty

-10mv

-30 mv

RER
INEER

T

+10 mVv
— _l —— - -
2 pA.pF
C 200 ms
-50

~ 0] sevoommm Mo

-A0mv _ i‘:‘ 05 )
[— e -1.0 Mm% -
'S &
S s

w
-
(4]

+10mv

. 0o 1 2
‘ _ | Time (min)

O

T3 337

0 SEVOO44mM  mv 10—
Eal — -60
+30 mv s b _
- - - - -3 STRIPRERR
- -3 o %
8’ a o c b
|2 pA- pF- L 4’ c~

200 ms -5

& |2 pA-pF*!

100 ms

0o 1 2 3 4
Time (min)

o

Figure 8

Reduction of Ic,r and Ic,. by sevoflurane (SEVO). (A) Ica and Ic,, recorded under control conditions and during administration of sevoflurane.
Depolarizing steps of 200-ms duration were applied initially from a holding potential of -90 mV to activate Ic, and then from a holding potential
of —60 mV to evoke Ic,.. These voltage-clamp protocols were repeated in the same SA node cells, before and 5 min after administration of
0.44 mM sevoflurane. (B) Ic,r before and after administration of 0.44 mM sevoflurane, obtained by digitally subtracting Ic,. from Ic, at each test
potential, shown in panel A. (C,D) Time courses of changes in amplitudes of Ic,1 (C) and Ic,. (D) during administration of sevoflurane (0.44 mM)
and after its washout, measured in different SA node cells. Inset shows voltage-clamp protocols (applied every 6 s) and superimposed current
traces for Ic, 7 (C) and I, (D) recorded at time points indicated by characters (a, b and c). Note that /c,r was measured during depolarizing steps
to =50 mV applied from a holding potential of -90 mV, where the contamination of Iz, was minimal (refer to panel A).

tively, similar to those of Ic,r and Ic,; in mouse SA node cells
(Mangoni and Nargeot, 2001). Sevoflurane at 0.44 and
0.71 mM significantly reduced the amplitudes of Ic.r and

Ic,r and Ic,. were not significantly affected by sevoflurane
(Table 2).

I, at most test potentials. The inhibitory actions of sevof-
lurane on Ic,r and Ic,. were analysed by constructing the
normalized conductance-voltage relationships fitted with
Boltzmann equation. Sevoflurane at 0.44 and 0.71 mM
reduced the maximal conductance of Ic,r by 31.3 and 48.2%
on average respectively (Figure 9C). On the other hand,
sevoflurane at 0.44 and 0.71 mM decreased the maximal
conductance of Ic,; by 30.3 and 50.3% on average respec-
tively (Figure 9D). The voltage dependences for activation of

Functional roles of Ic,r and I, in SA node
pacemaking activity

We examined the roles of Ic,r and Ic,; in SA node pacemaking
activity by using their respective inhibitors NiCl, and nife-
dipine. Figure 10A shows the superimposed spontaneous
action potentials recorded before and 5 min after exposure to
40 uM NiCl,, which has been shown to selectively block Ic,r
without appreciably affecting Ic,; in SA node cells (Hagiwara
et al., 1988). As summarized in Figure 10B, 40 uM NiCl, mod-

British Journal of Pharmacology (2012) 166 2117-2135 2127



A Kojima et al.

A ICa,T B ICa,L
pA-pF pA-pF
-50 0 +50mV  -50 0 +50 mV
\; T T T T ; .;/%ﬁ ii :*I*. T T T T ;‘l(;/
\\‘\\ " < % \q;\** T-1 **’///%é
i\\\ u **/i'// *5’/ ‘\\\\i\\** s **// /
\ \i»—i//! s \\i* i_ - **//
N\ o *//- ! AN 7 % /§
O /% § T
g Y -3 O Control (8) NTETT
{’ ® SEVO 0.44 mM (4) \ /
T4 W SEVO 0.71 mM (4)
(O] [0
e 2
© - -
£10 g0
=] =}
© e)
c c
8 8
ke] 0.5 A ° 0.5 1
(0] [0}
N N
© ©
£ £
2 0- T T T T T T T T 2 0- T T T T T T
60 40 -20 0 +20 40 -20 0 +20

Test potential (mV)

Figure 9

Test potential (mV)
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control and in the presence of sevoflurane were normalized with reference to the maximum conductance obtained at +20 mV in control. The
driving force for Ic,t and I, was calculated by assuming the reversal potentials for Ic,r and Iz, to be the zero-current potentials measured in the
I-V relationships. The smooth curves through the data points represent a least-squares fit with a Boltzmann equation, yielding V1., and k for Ic,r

and e, (see Table 2). *P < 0.05 and **P < 0.01 compared with control.

estly but significantly decreased spontaneous firing rate as
well as DDR, suggesting that Ic,r contributes at least partly to
diastolic depolarization and spontaneous activity of SA node
cells in guinea-pig heart.

Figure 10C illustrates superimposed action potentials
recorded before and during exposure to increasing concen-
trations of nifedipine (1 nM-1 uM) in a cumulative manner.
Spontaneous firing rate and DDR were not significantly
affected by nifedipine at 1 and 10 nM but were significantly
reduced by nifedipine at 100 nM. In most of cells examined
(six out of eight cells), spontaneous firing of SA node cells was
stopped by 1 uM nifedipine, which is consistent with previ-
ous observation in the centre of SA node in a rabbit heart
(Kodama et al.,, 1997). It should be noted that nifedipine
significantly decreased the max dV-dt™ at all concentrations
tested (control, 7.4 = 1.8 V.s7'; nifedipine, 1 nM, 4.9 =
1.4 Vst 10nM, 39 = 1.5V-sh; 100nM, 2.1 = 0.7 Vs
n=38, N =4).

Suppressive effects of sevoflurane on Ik, in SA
node cells

Figure 11 shows representative experiments examining the
effect of sevoflurane on I, in guinea-pig SA node cells. As
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demonstrated in lower panel of Figure 11A, 0.44 mM sevof-
lurane rapidly and reversibly inhibited I, repetitively (every
15 s) activated by 4 s depolarizing steps to +40 mV applied
from a holding potential of -50 mV. In another set of experi-
ments, Iy, was recorded at test potentials of —40 to +40 mV,
before and during exposure to 0.44 mM sevoflurane, and
after its washout (Figure 11A, upper panel). The inhibitory
effect of sevoflurane on Ik, was assessed by measuring the
amplitude of the tail current, which reflects the degree of I,
activation at the preceding depolarizing test potential. Sevof-
lurane reversibly reduced the amplitude of I, tail current by
37.1 £ 4.2% (n = 6, N = 3), measured at a test potential of
+40 mV (Figure 11B,C). Voltage dependence of I, activation
was evaluated by fitting the amplitude of tail current with a
Boltzmann equation (Figure 11B). There were no significant
differences in values for V;,, and k recorded before and during
exposure to sevoflurane, and after its washout (Table 2), indi-
cating that sevoflurane had a little effect on the voltage
dependence of Ik activation. The time course of I, deactiva-
tion was analysed by fitting the tail current with two expo-
nential functions, yielding the fast and slow time constants
(te and 1, respectively; Figure 11D). These values were not
significantly altered by sevoflurane, indicating that I, deac-
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Effects of NiCl, and nifedipine on spontaneous activity of guinea-pig
SA node cells. (A) Superimposed action potentials recorded before
and 5 min after exposure to 40 uM NiCl,. (B) Summarized data for
spontaneous firing rate (left panel) and DDR (right) recorded before
(control) and 5 min after exposure to 40 uM NiCl,. (C) Superim-
posed action potentials recorded before (control) and during expo-
sure to increasing concentrations of nifedipine (1 nM-1 pM), in a
cumulative way, with each concentration applied for 6-8 min. (D)
Summarized data for spontaneous firing rate (left panel) and DDR
(right) recorded before and 6-8 min after exposure to nifedipine.
The number of cells is shown in parenthesis, obtained from 3 (NiCl,)
and 4 (nifedipine) cell isolations. **P < 0.01 compared with control.

tivation (transition from open to closed state) was not
affected by sevoflurane. We also examined the effects of
0.71 mM sevoflurane on Ix, using the voltage-clamp protocols
similar to those of Figure 11 and found that 0.71 mM sevof-

Inhibition of SA node automaticity by sevoflurane

lurane inhibited Ik, by 53.6 £ 5.5% (n = 4, N = 2) without
significantly affecting the voltage dependence of current acti-
vation (Table 2) and time course of deactivation (data not
shown).

Effect of sevoflurane on heart rate ex vivo in
Langendorff mode and in vivo in
sevoflurane-anaesthetized guinea-pigs

We next examined the effects of sevoflurane on heart rate ex
vivo in isolated Langendorff-perfused guinea-pig hearts and in
vivo in sevoflurane-anaesthetized guinea-pigs (Figure 12).
There were no significant effects of sevoflurane on heart rate
when guinea-pigs were anaesthetized by sevoflurane inhala-
tion at concentrations of 1, 3 and 5%. In contrast, heart rate
in isolated Langendorff-perfused guinea-pig hearts was sig-
nificantly decreased by administration of sevoflurane at con-
centrations of 0.12, 0.44 and 0.71 mM.

Computer simulation of sevoflurane effect on
spontaneous action potentials
We finally conducted a computer simulation study to
examine the impact of changes in individual currents (I,
Icar, Icap and Iy) on the negative chronotropic action of
sevoflurane using the SA node cell model of Kurata et al.
(2002). Our voltage-clamp experiments found that sevoflu-
rane at 0.44 mM reduced the conductances for I, Icar, Icar
and Iy, by 14.4, 31.3, 30.3 and 37.1%, respectively, which
were used for the present model calculation. The firing fre-
quency of spontaneous action potentials was decreased by
simulating these inhibitory effects of sevoflurane on I;, Ic,r,
Ic,1 and Ii, in the Kurata SA node cell model (Figure 13A-E).
It is interesting to note that inward Ixcx is appreciably
reduced during diastolic depolarization phase in the simu-
lation of sevoflurane effect (Figure 13F). Figure 13G com-
pares the percent decreases in firing rate, DDR, MDP, APA
and max dV-dt™' in spontaneous action potentials by sevof-
lurane (0.44 mM) obtained experimentally in SA node cells
and in the computer simulations. Although there are some
differences in the degree of percent changes in these action
potential parameters between experimental and simulation
studies, the Kurata SA node cell model was able to repro-
duce, reasonably, the experimental data for the inhibitory
effect of sevoflurane on spontaneous activity of SA node
cells (Figures 1 and 2).

To estimate the effects of changes in individual currents
(I, Icar, Icar and Ix) on the negative chronotropy associated
with sevoflurane (0.44 mM), the percent decrease in firing
rate was calculated by reducing the conductance for each
current by the degree observed in the voltage-clamp experi-
ments. This computer simulation analysis indicates that the
negative chronotropy induced by sevoflurane is comprised of
inhibition of three membrane currents, in the order of Ic,t =
Ica1 > Iy with little contribution from Ix,. Because relatively low
(0.0259 nS-pF') conductance of I is incorporated in the
Kurata SA node model, reducing Ix, produced only a minimal
effect on the electrical activity of SA node cells. It is generally
accepted that model calculations have some limitations and
may not fully reproduce all of the experimental phenomena
(Kurata et al., 2002).
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Suppressive effect of sevoflurane (SEVO) on k. (A) Upper panel shows voltage-clamp protocol and superimposed current traces of I, activated
during 4 s depolarizing voltage steps applied from a holding potential of —-50 mV to test potentials of —40 to +40 mV, before and 3 min after
exposure to 0.44 mM SEVO, and 5 min after washout. Lower panel shows time course of changes in the amplitude of I tail current during
exposure to 0.44 mM sevoflurane. ks was repetitively (every 15 s) activated by 4 s depolarizing steps to +40 mV from a holding potential of
—50 mV. Original current traces recorded at time points indicated by characters are also shown (a, b and c). The experiments in upper and lower
panels were obtained from different cells. (B) /-V relationships of I tail currents elicited upon return to a holding potential of -50 mV from data
shown in upper panel of (A), fitted with a Boltzmann equation (smooth curves), yielding Vi,, and k (see Table 2). Note that the values for V;,, and
k after washout (V42, 17.9 £ 1.1 mV; k, 14.1 = 0.7 mV, n=6, N = 3) are not significantly different from those recorded before and during exposure
to sevoflurane (see Table 2). (C) Amplitudes of Ik tail currents elicited following depolarizing step to +40 mV, before and during exposure to
0.44 mM sevoflurane, and after washout (n =6, N = 3). **P < 0.01 compared with either control or washout (no significant difference between
control and washout). (D) Summarized data for time constants of fast and slow components of I tail currents (t; and 1, respectively) in each
condition (n = 6, N = 3). The inset shows the original current traces (dotted points) fitted with two exponential functions (continuous curve).

Discussion

One minimum alveolar concentration (MAC) of sevoflurane
is approximately 2% in humans (Frink et al., 1992), and in
the clinical settings, sevoflurane is usually administered at
concentrations of above 0.8 MAC to maintain anaesthesia
and to prevent awareness during anaesthesia (Ghoneim,
2000; Avidan et al., 2008). It has been reported that the blood
concentration of sevoflurane ranges between approximately
0.29 and 0.65 mM in patients during inhalation of sevoflu-
rane at concentrations of =2% (Frink et al., 1992; Matsuse
etal., 2011). The present experiments examined the electro-
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physiological effects of sevoflurane at concentrations ranging
between 0.12 and 0.71 mM, which is relevant to the clinically
used concentrations. We found for the first time that sevof-
lurane in this range produces a concentration-dependent
inhibitory effect on SA node automaticity (Figures 1 and 2).

The diastolic depolarization of SA node action potentials
is important not only for generating the spontaneous activity
but also for regulating the firing frequency (DiFrancesco,
1993; Honjo et al., 1996; Dobrzynski et al., 2007; Mangoni
and Nargeot, 2008; Verkerk etal., 2009; Baruscotti et al.,
2010). Stimulation of B-adrenergic and muscarinic receptors,
respectively, accelerates and decelerates the spontaneous
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Effects of sevoflurane (SEVO) on heart rate ex vivo in isolated perfused
guinea-pig hearts and in vivo in sevoflurane-anaesthetized guinea-
pigs. (A) Representative ECG recordings before and during 5% sevof-
lurane inhalation in vivo (left panels) and those before and during
administration of 0.71 mM sevoflurane in isolated Langendorff-
perfused heart (right panels). (B) Heart rate in vivo in sevoflurane-
anaesthetized guinea-pigs at concentrations of 1, 3 and 5% (N = 4)
and ex vivo in Langendorff-perfused guinea-pig hearts during admin-
istration of sevoflurane at concentrations of 0.12, 0.44 and 0.71 mM
(N = 4). Data are expressed as normalized values with reference to
their respective baseline values (248.0 = 13.9 min~' in in vivo con-
ditions and 205.5 *= 6.5 min™ in Langendorff perfusion mode)
recorded before administration of sevoflurane. **P < 0.01 compared
with baseline.

firing of SA node cells mainly by modulating DDR
(DiFrancesco, 1993). The present experiments revealed that
sevoflurane reduced DDR and spontaneous firing frequency
in a qualitatively similar concentration-dependent manner
(Figure 2). This observation strongly suggests that sevoflurane
decelerated spontaneous activity of SA node cells primarily by
slowing the diastolic depolarization.

I; is activated during the repolarization phase of SA node
cells and thereby produces an inward current that helps to
trigger the diastolic depolarization (DiFrancesco, 1991; 1993;
BoSmith efal., 1993; Mangoni and Nargeot, 2001; 2008;
Dobrzynski et al., 2007; Verkerk et al., 2007; 2009; Baruscotti
et al., 2010; Gao et al., 2010). The present experiment using
the I; blocker zatebradine also supports the proposal that I;
contributes to SA node automaticity in guinea-pig heart
(Figure 3). Sevoflurane concentration-dependently inhibited
I with an ICs, of 0.37 mM (Figure 5C), which is close to the

Inhibition of SA node automaticity by sevoflurane

inhibitory action of sevoflurane on firing frequency
(0.34 mM) and DDR (0.34 mM) in spontaneous action poten-
tials (Figure 2). These observations suggest that the inhibitory
action of sevoflurane on I; is at least partly related to the
reduction of DDR associated with decrease in spontaneous
activity of SA node cells.

Other ionic mechanisms also mediate the diastolic depo-
larization of SA node action potentials. Our experiments
revealed that I, is present (Figures 8 and 9) and plays a role
in diastolic depolarization and spontaneous activity in SA
node cells of guinea-pig (Figure 10A,B), consistent with the
observation in rabbit SA node cells (Hagiwara et al., 1988). It is
therefore probable that the inhibitory action on I, r (Figures 8
and 9) contributed to the negative chronotropic action of
sevoflurane. On the other hand, evidence has been presented
to indicate that I, also mediates the diastolic depolarization
in rabbit SA node cells (Verheijck et al., 1999). The present
results showed that nifedipine stopped the spontaneous activ-
ity at a high concentration (1 uM) and moderately decreased
the diastolic depolarization associated with reduction of firing
frequency at an intermediate concentration (100 nM;
Figure 10C,D). These observations suggest that Ic,; contrib-
utes not only to the rapid depolarization phase but also to the
slow diastolic depolarization of SA node action potentials.

However, pharmacological blockade of Ic,; during the
action potentials in current-clamp experiments could affect
the activities of other ionic channels and transporters respon-
sible for the diastolic depolarization as well as for
the repolarization phase. For example, reduced Ca* influx
through I, could decrease the activation of inward Ixcx by
Ca* release from the sarcoplasmic reticulum (Mangoni et al.,
2006), which has been shown to play an essential role in SA
node automaticity (Ca?" clock mechanism, Bogdanov et al.,
2006). The present computer simulations using the Kurata
model also show that a simulated reduction of I,; results in
a discernible decrease in inward Ixcx during diastolic depolar-
ization (Figure 13). Thus, the inhibition of I, by sevoflurane
is likely to contribute to the negative chronotropic action
either directly or through a mechanism involving reduced
Ixcx. Further studies are required to examine the direct effect
of sevoflurane on Ixcx and/or Ca* release from the sarcoplas-
mic reticulum in SA node cells.

I plays an important role in repolarization of spontane-
ous action potentials in guinea-pig SA node cells (Matsuura
et al., 2002). The present current-clamp experiments showed
that MDP was gradually depolarized by increasing the con-
centrations of sevoflurane (Table 1), which may be consistent
with the inhibitory action of sevoflurane on I, (Figure 11).
On the other hand, sevoflurane did not significantly affect
APDs and APDy, (Table 1). Because reductions of Iy, and Ic,
have opposite effects on action potential duration (APD),
dual inhibition of Iy, and I, in the presence of sevoflurane is
likely to mask their opposite actions on APD. It should be
added that the inhibition of Ix, may contribute to the nega-
tive chronotropic action of sevoflurane by depolarizing MDP,
and thereby affecting the activities of other ionic currents
responsible for the diastolic depolarization, such as I.

It remains unclear whether the inhibitory action of sevof-
lurane on I, Icar, Icar, and I, arises from direct binding to the
channel proteins or is mediated indirectly through the inter-
action with the modulatory proteins and/or lipid membranes
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Negative chronotropic effects of sevoflurane (SEVO) on spontaneous activity of SA node cell model. (A) Spontaneous action potentials and their
first derivatives (dV-dt™) in control and in the presence of 0.44 mM sevoflurane in the Kurata SA node model simulated by decreasing the
conductance for k, Icat, lcar and Is. The MDP of the first action potentials in control and in the presence of sevoflurane is superimposed and
denoted by vertical dotted lines. (B-E) Changes in I, Icat, Icar and I during spontaneous action potentials in SA node cell model, obtained by
decreasing the conductance for each current by the same degree as in voltage-clamp experiments with 0.44 mM sevoflurane (14.4% reduction
in I, 31.3% reduction in lc, 1, 30.3% reduction in Ic, or 37.1% reduction in k). (F) Simulated changes in the amplitude of Incx during spontaneous
action potentials in the absence and presence of sevoflurane. The peak of Ixcx is off the scale. (G) Comparison of percent decrease in firing rate,
DDR, MDP, APA and max dV-dt™" in spontaneous action potentials by sevoflurane (0.44 mM) in current-clamp experiments and simulation studies.
The experimental data were the same as those shown in Figure 2 and Table 1. (H) Percent decrease in spontaneous firing rate when each
conductance for k, Icat, Icar OF Iks was individually decreased in the SA node cell model by the degree of experimental results with 0.44 mM
sevoflurane. It should be noted that the present model calculation was conducted only by simulating the reduction of conductances for these
currents without changing other electrophysiological parameters.

2132 British Journal of Pharmacology (2012) 166 2117-2135



in which channel proteins are embedded. It should, however,
be noted that the inhibitory actions of sevoflurane on all of
these ionic currents are rapidly and almost completely
reversed within 1-2 min after washout, which appears to be a
favourable property for clinical use. Other studies are needed
to elucidate the cellular and/or molecular mechanisms
mediating the inhibitory action of sevoflurane on these ion
channels.

A clinical electrophysiological study did not detect any
appreciable effect of sevoflurane on heart rate and SA node
function in patients with Wolff-Parkinson-White syndrome
(Sharpe et al., 1999). Furthermore, most of clinical investiga-
tions showed that sevoflurane inhalation does not pro-
foundly alter heart rate from the awake (baseline) value
(Holaday and Smith, 1981; Frink et al., 1992; Lerman et al.,
1994; Malan et al., 1995; Ebert et al., 1995a,b; Smith et al.,
1996). We also found that there were no significant alter-
ations in heart rate in vivo in sevoflurane-anaesthetized
guinea-pigs (Figure 12), which appears to be similar to those
reported in these earlier clinical observations. Direct negative
chronotropic effects of sevoflurane observed in SA node cells
(Figures 1 and 2) and isolated Langendorff-perfused hearts
(Figure 12) are thus masked in in vivo conditions, where the
autonomic nervous system functions to regulate heart rate. In
addition, there is clinical evidence that sevoflurane affects
both sympathetic and parasympathetic nerve activities and
thereby modulates the heart rate (Paisansathan et al., 2007).
Accordingly, it may be difficult to explain changes in heart
rate during sevoflurane anaesthesia only by its direct electro-
physiological action on the SA node. However, it is important
to understand that sevoflurane itself has a direct inhibitory
effect on SA node automaticity via affecting ion channel
functions such as Iy, Ic,r and Ic, .. It is therefore expected that
negative chronotropic action of sevoflurane could be exag-
gerated in patients treated with pharmacological blockers of
these ion channels or with compromised channel functions
associated with gene mutations.

In conclusion, we have provided the first detailed electro-
physiological evidence that clinical relevant concentrations
of sevoflurane have a direct negative chronotropic effect on
SA node automaticity, which may be at least partly due to its
inhibitory action on I Ic,r and Ic,.. These findings may
constitute an important electrophysiological basis of the
mechanisms underlying the various changes in heart rate
observed during sevoflurane anaesthesia in clinical settings.
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