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Dexmedetomidine (DEX), an a2-adrenoceptor (a2-AR) and imidazoline receptor (IR)
agonist is most often used for the sedation of patients in the intensive care unit. Its
administration is associated with an increased incidence of bradycardia; however, the
precise mechanism of DEX-induced bradycardia has yet to be fully elucidated. The
present study was undertaken to examine whether DEX modifies pacemaker activity
and the underlying ionic channel function through a2-AR and IR receptors. The whole-
cell patch-clamp techniques were used to record action potentials and related ionic
currents of sinoatrial (SA) node cells in guinea pigs. DEX (=10 nM) reduced SA node
automaticity and the diastolic depolarization rate. DEX reduced the amplitude of
hyperpolarization-activated cation current (If, Ih) the pacemaker current, even within
the physiological pacemaker potential range. DEX slowed the If current activation
kinetics and caused a significant shift in the voltage-dependence of channel activation
to negative potentials. In addition, efaroxan, an a2-AR and imidazoline 11 receptor
(IMR) antagonist, attenuated the inhibitory effects of DEX on SA node automaticity and
If current activity, while yohimbine, an a2-AR selective antagonist, did not. DEX did not
affect the current activities of other channels, including rapidly and slowly activating
delayed rectifier K+ currents (IKr and IKs), L-type Ca2+ current (ICa,L), Na+/Ca2+
exchange current (INCX), and muscarinic K+ current (IK,ACh). Our results indicate that
DEX, at clinically relevant concentrations, induced a negative chronotropic effect on the
SA node function through the downregulation of If current via an 1R other than the a2-
AR in the clinical setting.
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Abstract

Abstract:

Dexmedetomidine (DEX), an ap-adrenoceptor (02-AR) and imidazoline receptor (IR)

agonist is most often used for the sedation of patients in the intensive care unit. Its

administration is associated with an increased incidence of bradycardia; however, the

precise mechanism of DEX-induced bradycardia has yet to be fully elucidated. The

present study was undertaken to examine whether DEX modifies pacemaker activity

and the underlying ionic channel function through a>-AR and IR receptors. The

whole-cell patch-clamp techniques were used to record action potentials and related

ionic currents of sinoatrial (SA) node cells in guinea pigs. DEX (>10 nM) reduced SA

node automaticity and the diastolic depolarization rate. DEX reduced the amplitude of

hyperpolarization-activated cation current (I, In) the pacemaker current, even within the

physiological pacemaker potential range. DEX slowed the If current activation kinetics

and caused a significant shift in the voltage-dependence of channel activation to

negative potentials. In addition, efaroxan, an 02-AR and imidazoline 11 receptor (I1R)

antagonist, attenuated the inhibitory effects of DEX on SA node automaticity and I

current activity, while yohimbine, an a2-AR selective antagonist, did not. DEX did not



affect the current activities of other channels, including rapidly and slowly activating
delayed rectifier K* currents (Ixr and lIks), L-type Ca?* current (Icar), Na*/Ca?* exchange
current (Incx), and muscarinic K* current (Ik,acn). Our results indicate that DEX, at
clinically relevant concentrations, induced a negative chronotropic effect on the SA
node function through the downregulation of If current via an 11R other than the a2-AR

in the clinical setting.
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Abstract:

Dexmedetomidine (DEX), an az-adrenoceptor (02-AR) and imidazoline receptor (IR) agonist

is most often used for the sedation of patients in the intensive care unit. Its administration is

associated with an increased incidence of bradycardia; however, the precise mechanism of

DEX-induced bradycardia has yet to be fully elucidated. The present study was undertaken to

examine whether DEX modifies pacemaker activity and the underlying ionic channel

function through a2-AR and IR receptors. The whole-cell patch-clamp techniques were used

to record action potentials and related ionic currents of sinoatrial (SA) node cells in guinea

pigs. DEX (>10 nM) reduced SA node automaticity and the diastolic depolarization rate.

DEX reduced the amplitude of hyperpolarization-activated cation current (I, In) the

pacemaker current, even within the physiological pacemaker potential range. DEX slowed

the ¢ current activation kinetics and caused a significant shift in the voltage-dependence of

channel activation to negative potentials. In addition, efaroxan, an a>-AR and imidazoline 11

receptor (I:R) antagonist, attenuated the inhibitory effects of DEX on SA node automaticity

and I current activity, while yohimbine, an a2-AR selective antagonist, did not. DEX did not

affect the current activities of other channels, including rapidly and slowly activating delayed

rectifier K* currents (Ixr and lks), L-type Ca?" current (Icar), Na*/Ca?* exchange current



(Incx), and muscarinic K* current (Ik.ach). Our results indicate that DEX, at clinically

relevant concentrations, induced a negative chronotropic effect on the SA node function

through the downregulation of I+ current via an 1R other than the a2-AR in the clinical

setting.

Key words: dexmedetomidine, ap-adrenoceptor, imidazoline receptor, sinoatrial node cells,

hyperpolarization-activated cation current, automaticity
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Introduction

Dexmedetomidine (DEX), a selective oz-adrenoreceptor (a2-AR) agonist, is most often

used for the sedation of mechanically ventilated patients in the intensive care unit (ICU) as

well as for non-intubated patients receiving local anesthesia for various surgical operations

and procedures, because it is not associated with respiratory depression.! On the other hand, a

number of studies have demonstrated that DEX has various cardiovascular side effects,

including hypotension, hypertension and bradycardia.?* For example, the perioperative use of

DEX for congenital heart surgery evokes bradyarrhythmias® and in another meta-analysis, the

perioperative use of DEX in patients undergoing cardiac surgery was reported to increase the

risk of bradycardia and reduce the risk of tachycardia.® In addition, some case reports have

shown that DEX produces severe bradycardia and even asystole.” In the clinical setting, it is

recommended that DEX be administered at a dose of 1 pug/kg over 10 min for initial loading,

followed by infusion at 0.2-07 ug/kg/h. The plasma concentration of DEX can reach

approximately 10 nM after an initial loading dose.'® However, both the loading dose and a

high maintenance dose of DEX were demonstrated to increase the risk of bradycardia in

patients* and to cause a significant reduction in the heart rate of healthy volunteers.?

The following mechanisms are considered to cause DEX-induced bradycardia: i) in the



nucleus tractus solitarii, stimulation of a>-AR results in hypotension and bradycardia by

facilitating the baroreceptor reflex; ii) stimulation of a2-AR in the rostral ventrolateral

medulla (RVLM) neurons reduces sympathetic nerve activity, leading to a reduction in the

release of adrenaline and noradrenaline!?®3; iii) axa-adrenoreceptors suppress the release of

noradrenaline by presynaptic feedback at the sympathetic nerve terminal®*; iv) stimulation of

azc-adrenoreceptors in the adrenal medulla decreases the secretion of adrenaline through the

inhibition of voltage-gated Ca?* channel activity'*; and v) in the blood vessels, stimulation of

azg-adrenoreceptors induces vasoconstriction, which is followed by an increase in blood

pressure and slowing of the heart rate via the baroreceptor reflex.>!4

Based on these anatomical and physiological observations, it is reasonable to assume that

DEX primarily induces bradycardia through neurohumoral mechanisms. A clinical

electrophysiological study reported that DEX decreases the heart rate and prolongs the PR

interval in children by depressing the sinoatrial (SA) and atrioventricular nodal functions

mediated through a reduction in sympathetic nerve activity.!® On the other hand, a study

using an microelectrode method demonstrated that DEX decreased the firing rate in rabbit SA

node tissue.'® Thus, the negative chronotropic effect of DEX appears to arise from its direct

and/or indirect effects on SA node cells. Interestingly, some 02-AR agonists, such as DEX



and clonidine, possess an imidazoline structure,®® and can thereby functionally bind to and

stimulate the imidazoline receptor (IR).Y” However, it remains unknown whether or not DEX

directly inhibits the SA node function through either a2-AR or IR signaling pathway.

The present study was undertaken to investigate the direct effects of DEX on SA node cell

automaticity and its underlying ionic mechanisms and to examine whether both az-AR and IR

contribute to the direct effect of DEX on pacemaker activity.



Methods

Preparation of SA node cells

This investigation complied with the Guide for the Care and Use of Laboratory Animals

published by the United States National Institutes of Health (NIH publication No. 85-23,

revised 1996), and all experimental protocols were approved by the Institutional Animal Care

and Use Committee of Shiga University of Medical Science (approval number, 2017-2-4H1).

Single SA node cells were isolated from 5-8- week-old female Hartley guinea pigs (250-400

g) that were deeply anesthetized with an overdose of sodium pentobarbital (120 mg/kg),

using a previously described enzymatic dissociation procedure.’®2° In short, the guinea pig

heart was excised and retrogradely perfused using a Langendorff apparatus at 37 °C, initially

for 4 min with normal Tyrode solution containing (in mM) 140 NaCl, 5.4 KCI, 1.8 CaCl, 0.5

MgClz, 0.33 NaH2PO4, 5.5 glucose and 5 HEPES (PH adjusted to 7.4 with NaOH) and then

for 4 min with Ca®*-free Tyrode solution and for 10 min with Ca®'-free Tyrode solution

containing collagenase (0.04%) (Wako Pure Chemical Industries, Osaka, Japan). The SA

node region bordered by the superior vena cava, the crista terminalis and the intra-atrial

septum was cut out from the heart. The SA node tissue was further digested for 24 min via

incubation at 37 °C with Ca?*-free Tyrode solution containing collagenase (0.1%) and



elastase (0.01%) (Wako Pure Chemical Industries). Finally, the SA node strips were gently

agitated to release SA node cells. The cells were stored at 4 °C in the KB solution for

experimental use within 8 h. The KB solution contained (in mM) 70 K-glutamate, 30 KCI, 10

KH2PO4, 1 MgCly, 20 taurine, 0.3 EGTA, 10 glucose and 10 HEPES (pH adjusted to 7.2 with

KOH).

Whole-cell patch-clamp techniques

The perforated and conventional whole-cell patch-clamp techniques were used to record

spontaneous action potentials and ionic currents in the current- and voltage-clamp models,

respectively, at 36 + 1°C with an EPC-8 patch-clamp amplifier (HEKA, Lambrecht,

Germany). In the present study, the SA node cells were identified based on their

morphological characteristics, such as spindle- and spider-shaped cells as previously

reported.?>?2 In addition, these cells often usually generate spontaneous automaticity in

normal Tyrode solution, whereas atrial-shaped myocytes demonstrate no spontaneous

contraction. The spontaneous action potentials were recorded using a fire-polished patch

pipette (resistance, 2.0-4.0 MQ) filled with the pipette solution containing (in mM) 70

potassium aspartate, 50 KCI, 10 KH2PO4, 1 MgSO4, 3 ATP (disodium salt; Sigma Chemical
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Company, St Louis, MO, USA), 5 EGTA, and 5 HEPES and 0.1 Li>-GTP (Sigma Chemical

Company) (pH adjusted to 7.2 with KOH). Amphotericin B (Wako Pure Chemical Industries)

was added to the pipette solution at a concentration of 100 pg/ml. An aliquot of isolated cells

was placed into a recording chamber (0.5 ml in volume) and was superfused at 35-37°C with

normal Tyrode solution.'®2?° Dexmedetomidine hydrochloride (Orion Corporation, FI-02101

Espoo, Finland; Tokyo Chemical Industry, Japan) was dissolved in dimethyl sulfoxide, and

then diluted in Tyrode solution to concentrations of 5 nM, 10 nM, 100 nM and 1 pM. In some

experiments, the spontaneous action potentials were recorded in the presence of moxonidine

(Tokyo Chemical Industry) or phorbol 12-myristate 13-acetate (PMA) (Sigma Chemical

Company). In some experiments, after superfusion of Tyrode solution containing yohimbine

(Sigma Chemical Company), efaroxan (Sigma Chemical Company), idazoxan (Sigma

Chemical Company) or bisindolylmaleimide 1 (BIS-1) (Sigma Chemical Company) for

approximately 4-5 min until reaching a steady state, the cells were exposed to DEX.

Hyperpolarization-activated cation current (lIs, ln) was recorded in Tyrode solution

supplemented with 2 mM NiCl; and 0.5 mM BaCl, to eliminate voltage-dependent Ca?*

current and Ba?*-sensitive K* current, respectively, using K*-rich pipette solution. The pipette

solution contained (in mM) 70 potassium aspartate, 50 KCI, 10 KH2PO4, 1 MgSQOa, 3 ATP
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(disodium salt; Sigma Chemical Company), 5 EGTA, 5 HEPES, 2 CaCl; and 0.1 Li>-GTP

(pH adjusted to 7.2 with KOH). I+ was activated by 2-s hyperpolarizing voltage-clamp steps

applied from a holding potential of -40 mV to test potentials of -50 mV to -140 mV.1%2023 |

was measured as the difference between the instantaneous and the steady state current levels.

The I+ conductance (gr) at each test potential was calculated according to the following

equation: gr = If / (Vi — Vrev), Where Is is current density, V: is test potential, and Vrey is the

reversal potential for Is. The voltage dependence of I+ activation was assessed by fitting g to a

Boltzmann equation: gr = grmax / (1 + exp ((Vi — Vn) /K)), where gsmax is the fitted maximal

conductance of If, Vi is the voltage at half-maximal activation and Kk is the slope factor. The

activation time course of Ir was evaluated by fitting currents at -140 mV to two exponential

functions. In some experiments, If current was recorded in the presence of ivabradine (Tokyo

Chemical Industry), moxonidine and rilmenidine (BLD Pharmatech, Shanghai, China).

The rapidly activating delayed rectifier K* current (Ikr) was measured in Tyrode solution

supplemented with HMR 1556 (Hoechst Marion Roussel, Frankfurt, Germany) and

nisoldipine (Sigma Chemical Company) to eliminate the slowly activating delayed rectifier

K* current (Iks) and the L-type Ca?* current (lcaL), respectively. Ik current was activated by

250-ms depolarizing steps applied from a holding potential of -50 mV to test potentials of -40
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mV to +50 mV.1%2 | current was recorded in the presence of E-4031, an Ikr channel

antagonist (Wako Pure Chemical Industries) and nisoldipine to eliminate Ik, and Icat,

respectively. lks current was activated by 2-s depolarizing steps applied from a holding

potential of -50 mV to test potentials of -40 mV to +50 mV.18-% The activation of Ik, and Is

was evaluated by measuring the amplitude of tail currents elicited on repolarization to the

holding potential. The voltage dependence of Ixr and Iks activation was assessed by fitting the

amplitude tail current (lwil) to a Boltzmann equation: ltil = laitmax / (1 + exp ((Vh — Vi) /K)),

where luilmax i the fitted maximal tail current density of Ik, or lIks.

Ica was measured in K*- free Cs Tyrode solution containing (in mM) 140 NaCl, 5.4 CsCl,

1.8 CaCly, 0.5 MgCly, 5.5 glucose and 5 HEPES (PH adjusted to 7.4 with NaOH). The pipette

solution was a Cs*-rich solution containing (in mM) 90 cesium aspartate, 30 CsClI, 20

tetraethylammonium chloride, 2 MgClz, 5 ATP (Mg salt; Sigma Chemical Company), 5

phosphocreatine (disodium salt; Sigma Chemical Company), 0.1 Li>-GTP (Sigma Chemical

Company), 5 EGTA and 5 HEPES (PH adjusted to 7.2 with CsOH). Ca?* current was

recorded with 500-ms depolarizing steps applied from a holding potential of -50 mV to the

test potential of -10 mV.24?® Two experimental protocols were applied. One was recording

IcaL current for 15 min (a time-matched control); the other was recording for 15-20 min,
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before and during exposure to DEX, respectively.

Na*/Ca?* exchange current (Incx) was recorded in K*- free Cs Tyrode solution

supplemented with ouabain (Sigma Chemical Company), ryanodine (Alomone labs, Ltd.

Israel) and nisoldipine to inhibit Na*/K™ pump, ryanodine receptor and lca, respectively. The

pipette solution contained (in mM) 90 cesium aspartate, 20 CsCl, 20 tetraethylammonium

chloride, 10 NaCl, 2 MgCl,, 1.75 CaClz, 5 ATP (Mg salt; Sigma Chemical Company), 5

BAPTA and 10 HEPES (pH adjusted to 7.2 with CsOH). Membrane currents were measured

at a holding potential of -40 mV, during the hyperpolarizing phase from +40 mV to -120 mV

of the voltage-ramp protocol.® After recording the baseline current, DEX was exposed and

followed by the administration of NiCl, to fully block Incx current. Muscarinic K™ current

(Ik,ach) was measured in Tyrode solution supplemented with nisoldipine (0.4 uM), using

K*-rich pipette solution. Membrane currents were recorded at a holding potential of -40 mV,

during the hyperpolarizing phase from +40 mV to -120 mV of the voltage-ramp protocol.?°

After recording the baseline current, the cell was exposed to DEX and then exposed to

acetylcholine (ACh) to activate Ik ach current.

Statistical analysis
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The results are expressed as the mean + SD, with the number of animals and experiments

indicated by N and n, respectively. Error bars in the figures indicate the SD with n given in

parentheses. The results were statistically analyzed by a one-way ANOVA followed by

Dunnett s test, a paired t test or unpaired t test (Prism version 5.0, GraphPad). All statistical

tests were two-tailed. P values of <0.05 were considered to indicate statistical significance.



15

Results

The inhibitory effects of DEX on spontaneous action potentials in SA node cells

The effect of DEX on SA node automaticity was examined using the amphotericin

B-perforated patch-clamp technique. DEX was administered to a SA node cell at

concentrations of 5 nM, 10 nM, 100 nM and 1 uM for approximately 2-3 min until it was

ensured that it had reached a steady state. The firing rate of spontaneous action potentials was

decreased by each concentration of DEX (Figure 1A). Figure 1B shows the spontaneous

action potentials illustrated on an expanded time scale before and during exposure to DEX,

and the washout results. At concentrations of >10 nM, DEX significantly reduced the firing

rate (Figure 1C). It is well-known that the slope of the diastolic depolarization, namely the

diastolic depolarization rate (DDR), plays an important role in determining the firing rate of

the SA node.?® As shown in Figure 1D, the DDR was also significantly during the

administration of 10 nM, 100 nM and 1 uM DEX, respectively. Table 1 shows the parameters

of the action potentials, including the action potential amplitude (APA), maximum diastolic

potential (MDP), action potential duration at 50% and 90% (APDsg and APDg) and the

maximal rate of the action potential depolarization (max dV/dt).
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Inhibitory effects of Ir current in SA node cells

To investigate the ionic contribution of the inhibitory action of DEX on the spontaneous

activity of SA node cells, we investigated the effect of DEX on various pacemaker-related ion

currents, including I, Ik, lks, lcaL, Incx @and Ik ach.

Firstly, the reversal potential of Ir was measured by tail currents at various test potentials

between 10 and -50 mV for 2 s in the absence and presence of DEX (1 puM). Tail currents

were plotted against the test potential, with fitting of lines by linear regression. The reversal

potential was not changed in the presence of DEX (control, -32.5 = 5.7 mV; DEX, -33.11 £

3.6 mV (n =3, N = 2)). Figure 2A illustrates the superimposed current traces of Ir activated at

test potentials of -50 to -140 mV during the administration of 100 nM DEX. DEX decreased

the amplitude of It in a dose-dependent manner, as shown in the conductance-voltage

relationship curves fitted with the Boltzmann equation (Figure 2B). Maximal conductance at

-140 mV (Figure 2C) was significantly reduced by exposure to 10 nM, 100 nM and 1 pM

DEX. We then evaluated the voltage dependence of the It activation with normalized

conductance-voltage relationships. DEX at various concentrations (Figure 2D) caused a

significant shift in the voltage-dependence of channel activation to more negative potentials.

Importantly, DEX markedly decreased the amplitude of It at physiological potential ranges
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relevant to pacemaker depolarization at -70 mV (Figure 2E). In addition, we demonstrated

that ivabradine, a selective I+ antagonist, markedly inhibited the time-dependent activation of

I+ current (Figure 2E). The time-dependent activating component of I+ was thus calculated to

determine the percentage inhibition induced by DEX at -70 mV (Figure 2F).

Figure 3A shows the time course of I+ activation at -140 mV fitted by the sum of two

exponential functions in the absence and presence of 1 UM DEX. Each concentration of DEX

increased the fast activation time constant (Figure 3B), while the slow activation time

constant was increased by 100 nM and 1 uM DEX (Figure 3C). The relative amplitude of the

fast component of I activation was not affected by the respective concentrations of DEX

(Figure 3D).

The effects of DEX on pacemaker-related ion currents Ikr, Iks, lcaL, Incx and lk.ach in

SA node cells

Ikr was determined as E-4031 (Ikr selective antagonist)-sensitive difference current in the

present experiment. Supplemental Figure 1A shows superimposed current traces during

250-ms depolarizing steps to 0 mV applied from a holding potential of -50 mV during

exposure to 1 pM DEX. The amplitudes of the Ik tail currents at test potentials of -40 to +50
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mV were plotted and fitted with the Boltzmann equation (Supplemental Figure 1B). There

was no significant difference in the maximal amplitudes of the Ik tail currents between

control cells and cells exposed to 1 uM DEX (Supplemental Figure 1C).

Iks current was activated by 2-s depolarizing steps applied from a holding potential of -50

mV to test potentials of -40 mV to +50 mV during control and the exposure to 1 uM DEX

(Supplemental Figure 2A). DEX did not induce a significant difference in the maximal

amplitude of Iks tail current (Supplemental Figure 2B and C).

Ica,L Was evaluated using depolarizing steps to -10 mV applied from a holding potential of

-50 mV. The amplitude lcaL was measured at 8 min and at 13 min after start of the

experiments in the absence and presence of 1 uM DEX, respectively (Supplemental Figure

3A and B). DEX did not significantly affect the slight declines in the lca. amplitude between

8 min and 13 min (Supplemental Figure 3C).

To evaluate the effect of Incx, we recorded membrane currents before and during the

administration of DEX, and after washout, then exposed cells to NiCl, to block the Incx

(Supplemental Figure 4A). DEX (1 uM) did not affect the membrane currents during voltage

ramping between +40 mV and -120 mV. Supplemental Figure 4B and C show the

current-voltage relationship for Incx, indicating that DEX does not influence the activity of



19

Incx.

In the present experiment, the reduction in firing rate of action potentials was

accompanied by a tendency for hyperpolarization of MDP. In general, Ik ach is activated by

the stimulation of muscarinic receptors and then hyperpolarizes MDP, leading to a decrease

in spontaneous activity.?® As shown in Supplemental Figure 5A, membrane currents were

recorded before and during exposure to 1 uM DEX and 1 uM ACh, respectively. ACh

markedly increased membrane currents, while DEX did not alter the currents. The evaluation

of the current-voltage relationships of the membrane current and Ik .ach current further

demonstrated that DEX has no effect on Ik ach (Supplemental Figure 5B and C).

The negative chronotropic effects of DEX on spontaneous action potentials in SA node

cells mediated via 1R activation

We next investigated whether both a2-AR and IR are involved in the DEX-induced inhibition

in SA node cells. In the presence of 1 uM yohimbine, an a2-AR antagonist, the firing rate of

spontaneous action potentials was still reduced by different concentrations of DEX (10 nM,

100 nM and 1 pM) (Figure 4A), indicating that yohimbine did not alter the reduction of the

firing rate induced by DEX (Figure 4C). In contrast, efaroxan (10 uM), an antagonist of
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a2-AR and IR, and especially the imidazoline I receptor (I1R), attenuated the DEX-induced

inhibition of spontaneous automaticity (Figure 4B and D). Similar to efaroxan, idazoxan (10

M), another antagonist of a2-AR and IR, also markedly reduced the inhibitory effect of 1

MM DEX (Figure 4E). These results suggest that DEX decreases the spontaneous

automaticity via I1R rather than via the o2-AR signaling pathway.

Previous reports showed that DEX activates the protein kinase C (PKC) via the I1R

signaling pathway.?” We therefore examined the influence of BIS-1, a PKC antagonist, on the

inhibitory effect of DEX on the firing rate. As shown in Figure 5A, BIS-1 (200 nM) did not

affect the DEX-induced inhibitory effect. In addition, PMA (100 nM), a PKC activator, did

not cause any change in the spontaneous automaticity (Figure 5B). These results indicate that

the PKC pathway is irrelevant to the firing rate inhibition induced by DEX.

Impairment of the I function in SA node cells induced by DEX via the 11R signaling

pathway

To examine whether DEX could attenuate If current via I1R activation, efaroxan (10 uM) was

administered for 5 min, then cells were exposed to DEX (1 uM) for 5 min. As demonstrated

in Figure 6, although efaroxan slightly decreased the amplitude of Is, DEX did not cause any
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further reduction in the presence of efaroxan (Figure 6A, B and C). Furthermore, the

voltage-dependence and time course of the channel activation were not changed by treatment

with DEX in the presence of efaroxan (Figure 6 D and E).

The inhibitory effect of imidazoline-related agonists on spontaneous action potentials

and Is current in SA node cells

To further confirm the involvement of I1R activation in the DEX-induced negative

chronotropic effects on spontaneous automaticity, moxonidine, an o2-AR and [1R agonist

with a higher selectivity to I:R than DEX, was administered to SA node cells at

concentrations of 100 nM and 1 puM. Each concentration of moxonidine reduced the firing

rate of spontaneous action potentials (Figure 7A and B). In addition, we also examined the

effects of moxonidine and another 1:R-related agonist rilmenidine on the activity of Is current.

Figure 7C and D illustrate the superimposed current traces of It before and during exposure to

1 uM moxonidine and 1 uM rilmenidine, respectively. The conductance-voltage relationships

for I+ show that both moxonidine and rilmenidine significantly decreased the amplitude of I+

(Figure 7E and F) and caused a significant shift in the voltage-dependent activation of I to

more negative potentials (Figure 7G). Furthermore, moxonidine and rilmenidine reduced the



If activity at -70 mV by 43.9% = 5.2% and 37.5% =* 7.7%, respectively.

22
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Discussion

The present study indicates that DEX has a negative chronotropic effect on the spontaneous

action potentials of SA node cells in guinea pigs. Our findings show that (1) DEX induced a

decrease in the firing rate of spontaneous action potentials via the 1:R signaling pathway; (2)

DEX significantly reduced the amplitude of I, even within the physiological pacemaker

potential range; (3) DEX evoked a shift in the voltage-dependence of channel activation to

more negative potentials and a deceleration in the channel activation rate; (4) DEX had no

effect on pacemaker-associated ion channels, including lkr, lks, IcaL, Incx and Ik, ach.

Involvement of 1:R activation in DEX-induced negative chronotropic effects on the

spontaneous automaticity in SA node cells

It is known that I1R is located in the brain, heart, kidney and pancreas.'® Although the protein

expression levels of I1R and az-AR in the SA node have not been clarified, the expression of

az-AR was confirmed at the mRNA level in human left ventricular tissue,?® whereas the

protein level of I:R in human ventricles was demonstrated based on an immunoblot

analysis.?® Additionally, DEX could functionally bind these two receptors in the rat

myocardium.!’ It is known that a2-AR binds Gi-protein and then inhibits the production of
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cAMP from ATP by impairing adenylyl cyclase activity.3® We presumed that DEX might

suppress SA node automaticity via o2-AR activation; however, the present results showed that

the inhibitory effect of DEX on the spontaneous action potentials is attenuated by efaroxan

and idazoxan, a>-AR and I1R antagonists, respectively, but not by yohimbine, an a>-AR

antagonist, suggesting that DEX suppresses SA node automaticity via the 1R signaling

pathway other than the ar-AR signaling pathway. Related to this finding, we further

demonstrated that moxonidne, an 11R agonist more selective than DEX, also decreased the

firing rate of spontaneous action potentials. Our results are supported by previous studies,

which reported that the DEX-induced reduction in the firing rate in the rabbit SA node was

not totally mediated by the ax-AR signaling pathway.'® Furthermore, it was demonstrated that

the hypotension and bradycardia induced by the suppression of the sympathetic neurons

through RVLM have a stronger association with ;R than a2-AR.3! The result suggests that

DEX might regulate the sympathetic activity via not only by the a2-AR signaling pathway but

also via the I1R signaling pathway. Thus, we consider that the activation of 1R plays an

important role in the functional modulation of the SA node and sympathetic neurons.

The I function in SA node and its reduction induced by DEX via the 11R signaling
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pathway

The I+ channel is known to partly contribute to the regulation of the rate of automaticity in SA

node cells, because the opening of the I+ channel facilitates the formation of the “pacemaker

potential” up to the threshold of Ca?* channel activation.3? An increase in intracellular CAMP

could accelerate the increase in the pacemaker potential by shifting the voltage dependence of

the I+ channels to a more positive potential.?®3? This phenomenon is considered to be an

explanation for the positive chronotropic effect of g-adrenergic receptor agonist in the heart.*®

In the present study, DEX (1 pM) inhibited I+ current by 52%, with a resultant reduction in

the spontaneous beating rate by 32%. Our result is similar to a previous report showing that

ivabradine (3 puM) inhibited I+ current by 34% and reduced the spontaneous action potentials

by approximately 13% in the rabbit SA node.3* In rat paraventricular nucleus parvocellular

neurons, DEX is reported to inhibit If current by decreasing the current amplitude and

inducing a slight shift in the voltage-dependence of channel activation to negative potentials

via 02-AR.%®

As demonstrated in the present study, DEX significantly reduced I via 1R but not 02-AR

activation. In addition, two other drugs (moxonidine and rilmenidine) with a higher

selectivity to I1R also reduced Iscurrent, as expected. Our results suggest that DEX might
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inhibit SA node automaticity in guinea pigs by decreasing the If channel activity, mainly

through the I1R signaling pathway. It is noteworthy that ligands for 1R decreased the cAMP

activity in rat striatal medium spiny neurons®® and rat pheochromocytoma (PC12) cells.®

Because CAMP facilitates I current activity®® and the basal CAMP concentration in the SA

node is higher than in other myocytes,® the cAMP activity may be associated with the

DEX-induced inhibition of I+ via the activation of I1R. However, further study is required to

test this hypothesis.

PKC activation is not required for DEX-induced negative chronotropic effects

We also examined the intracellular signal transduction for the action of DEX via I1R

activation. Several reports reported that 1R in PC12 cells activates the PKC pathway*® and

that presynaptic 1:R suppresses postsynaptic currents by PKC activation in the spiny neurons

in rat striatal medium.®® In mouse hippocampal slices, the activation of 1;R by DEX has a

nerve protective action through the PKC pathway, which involves the extracellular

signal-regulated kinase.?” However, in the present study, a specific antagonist, BIS-1, and a

specific activator, PMA, did not affect the DEX-induced negative chronotropic effect on the

spontaneous action potentials in SA node cells, indicating that the PKC activation pathway is
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not required for the DEX-induced inhibition of SA node automaticity.

No effects of DEX on other pacemaker-related ion currents

There have been some reports on the effects of DEX on K" channels. In rat paraventricular

nucleus magnocellular neurons, DEX activated G protein-coupled inwardly rectifying K*

current.® In addition, DEX suppressed delayed rectifier K* current in rat cerebellar granule

cells and NG108-15 neuronal cells, a hybrid of mouse neuroblastoma and rat glioma cells.*

Moreover, DEX is reported to protect the heart function from ischemia reperfusion injury by

activating the Ca?*-sensitive K* channels.* It is well known that Ica . plays an important role

in pacemaker activity.?® A previous report showed that DEX inhibits lca. in rat ventricular

myocytes, partially through the activation of o2-AR;** however, another study showed that

DEX had no effect on Icar in NG108-15 neuronal cells.° Our findings provide evidence to

support that DEX, even at higher concentrations, could not affect the Ik, Iks, lkach OF lcaL

channel activity in SA node cells. The reasons for these discrepancies are not clear; however,

they are probably related to tissue- and species-specific factors.

Clinical significance of DEX-induced negative chronotropic action
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Our experiment demonstrated that clinically relevant concentrations (<10 nM) of DEX

slowed the spontaneous firing rate in SA node cells, which is associated with a marked

reduction in the Ir channel activity at physiological pacemaker potentials. In clinical usage,

the heart rate is considered to show a greater decrease, because sympathetic neurons are

simultaneously depressed, in addition to the direct inhibition of the SA node function. Above

all, in the elderly,*® individuals with heart failure** or individuals with familial sinus

bradycardia,*>*® in whom If current is decreased, it is necessary to use DEX cautiously due to

the high risk that the drug will have a stronger effect on the SA node function. Because

several anesthetics, including sevoflurane,? desflurrane®® and propofol?® can also inhibit the

I+ channel, when these anesthetics are used in combination, the I+ channel is considered to be

more seriously impaired. Moreover, we showed that DEX inhibits the heart rate in a

concentration-dependent manner and that the administration of an overdose or bolus injection

should be avoided, even in patients without serious complications.

Limitations

Several limitations associated with the present study warrant mention. The limitations of the

present study are as follows: (1) the regulatory mechanisms of spontaneous automaticity in
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SA node cells might differ between experimental animals and humans, making it difficult to

directly extrapolate our data obtained from guinea pigs to the SA node function of human; (2)

the distribution and function of the imidazoline receptor in the human heart (especially the

SA node) have not been fully investigated and should be clarified in a future study; (3)

selective agonists and antagonists of the imidazoline receptor have not yet been developed, so

the development of these drugs and experiments with them are required; (4) the heart rate is

controlled not only by the SA node but also by the sympathetic and parasympathetic nerves.

However, the effect of DEX regarding the function of the autonomic nerve system was not

examined in the present study; (5) the spontaneous automaticity of the SA node is modeled as

two clocks for a better interpretation of its function—the “membrane voltage clock” and the

“calcium clock”—with the membrane voltage clock induced by I+ and other inward currents,

such as T-type Ca?" current and Na*/Ca®* exchange current, while the calcium clock is

induced by rhythmic Ca®** release from the sarcoplasmic reticulum.*” The further

investigation of DEX-induced modulation on the calcium clock function is needed to test this

hypothesis.

Conclusion
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We demonstrated that DEX at relevant clinical doses results in a negative chronotropic effect

on SA node automaticity by reducing the I+ channel activity through the 1:R signaling

pathway but not the az-AR signaling pathway. The present study suggests that 1R activation

may play a crucial role in the modulation of the SA node and the sympathetic neuron

functions.
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Figure Legends

Figure 1

The effect of dexmedetomidine (DEX) on the firing rate of spontaneous action potentials in

guinea pig SA node cells. A, Continuous recording of spontaneous action potentials during

the administration of DEX at concentrations of 5 nM, 10 nM, 100 nM and 1 uM (upper

panel). The simultaneous measurement of the spontaneous firing rate plotted on the same

time scale (lower panel). B, Spontaneous action potentials on an expanded time scale

recorded at the time points indicated by the characters (a-f) in panel A. C and D, The

spontaneous firing rate (C) and diastolic depolarization rate (DDR) (D) before (control) and

during the administration of DEX at each concentration (n = 10-18, N = 9). These data were

analyzed by a one-way ANOVA followed by Dunnett’s test. *P < 0.05 in comparison to

control.

Figure 2

Dexmedetomidine (DEX) induced a decrease in the conductance of If and a hyperpolarizing

shift of channel activation. A, Superimposed current traces of I activated during 2-s

hyperpolarizing steps from a holding potential of -40 mV to test potentials of -50 mV to -140
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mV, before (control) and during the administration of 100 nM DEX for 5 min. B, The

conductance (gr)-voltage relationship for It constructed using the reversal potential of -31 mV

in the absence (control) and presence of DEX at each concentration (10 nM, 100 nM and 1

MM, fitted with the Boltzmann equation (n = 7-9, N = 8). C, Maximal conductance of I¢

(gr.max) obtained from fitting with the Boltzmann equation (n = 7-9, N = 8). D, The voltage at

half-maximal activation (Vn) obtained by fitting the conductance-voltage relationship to the

Boltzmann equation in the absence and presence of DEX (n = 7-9, N = 8). E, If current at a

test potential -70 mV before and during the administration of 1 uM DEX or 30 uM

ivabradine. F, The percent inhibition of I at -70 mV induced by DEX at concentrations of 10

nM, 100 nM and 1 puM (n = 7-9, N = 8). These data were analyzed by a paired t test. *P <

0.05 in comparison to control.

Figure 3

The effect of dexmedetomidine (DEX) on the activation rate of It current. A, I+ activated

during 2-s hyperpolarizing steps to -140 mV from a holding potential of -40 mV, before

(control) and during the administration of 1 uM DEX, which was fitted with two exponential

functions. The right traces show superimposed I, where the peak amplitude of I+ in the
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presence of DEX was normalized to that of control to define the slowing of If activation. B, C,

The activation time constants for the fast ([fst, B) and the slow ([Jsiow, C) components at

-140 mV in the absence and presence of different concentrations of DEX (10 nM, 100 nM

and 1 uM, n =7-9, N = 8). D, The relative amplitude of the fast component of Ir activation at

-140 mV in the absence and presence of DEX (n = 7-9, N = 8). These data were analyzed by

a paired t test. *P < 0.05 in comparison to control.

Figure 4

The attenuation of dexmedetomidine (DEX)-induced inhibition of spontaneous action

potentials in SA node cells by the a2-AR and 1R antagonists (efaroxan and idazoxan). A,

Continuous recording of action potentials during the administration of DEX at concentrations

of 10, 100 nM, and 1 uM in the presence of yohimbine (YOH, 1 uM), an a>-AR antagonist

(upper panel). The simultaneous measurement of the spontaneous firing rate plotted on the

same time scale (lower panel). B, The continuous recording of action potentials during the

administration of DEX at concentrations of 10, 100 nM, and 1 pM, in the presence of 10 uM

efaroxan (EFA, 10 pM, upper panel). The simultaneous measurement of the spontaneous

firing rate plotted on the same time scale (lower panel). C, The percent reduction in the firing
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rate induced by DEX in the absence and presence of YOH (n = 8-9, N = 6). D, The percent

reduction in the firing rate induced by DEX in the absence and presence of EFA (n =10, N =

5). E, The percent reduction in the firing rate induced by DEX in the absence and presence of

idazoxan (IDA, 10 uM) (n = 7, N =3). Note that the data in the absence of YOH and EFA

shown in panels C, D and E were obtained from the same data shown in Figure 1. These data

were analyzed by an unpaired t test. *P < 0.05 in comparison to control.

Figure 5

Protein kinase C (PKC) failed to suppress the effect of dexmedetomidine (DEX) on

spontaneous action potentials in SA node cells. A, The percent reduction in firing rate

induced by DEX in the absence and presence of a PKC inhibitor, bisindolylmaleimide 1

(BIS-1, 200 nM) (n = 6, N = 4). Note that the data in the absence of BIS-1 were obtained

from the control data shown in Figure 1. The data were analyzed by an unpaired t test. B,

The firing rate before and during the administration of phorbol 12-myristate 13-acetate

(PMA, 100 nM), a PKC activator, for more than 5 min (n = 7, N = 4). The data were

analyzed by a paired t test.
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Figure 6

The attenuation of dexmedetomidine (DEX)-induced impairment of I+ current by efaroxan

(EFA). A, Superimposed current traces of I+ activated during 2-s hyperpolarizing steps from

a holding potential of -40 mV to test potentials of -50 mV to -140 mV, before (control) and

during the administration of 1 uM DEX for 5 min (upper panel). The lower panel shows

superimposed current traces of It activated during the same hyperpolarizing steps, before

and during the administration of 10 uM EFA and EFA plus 1 pM DEX for 5 min,

respectively. B, Comparison of the maximal conductance of Is (grmax) by fitting the

conductance-voltage relationship to a Boltzmann equation in the absence (control) and

presence of EFA and EFA plus DEX (n =5, N =3). C, The percent inhibition of I+ induced

by DEX at -70 mV in the absence and presence of EFA (n = 5-9, N = 3). Note that the data

in the absence of EFA were obtained from the same data shown in Figure 2. D, The voltage

at half-maximal activation (V) obtained by a Boltzmann fitting in the absence (control) and

presence of EFA and EFA plus DEX (n =5, N = 3). E, The time constants for the fast ([Jfast,

left panel), and slow ([Jsiow, Middle panel) components of If activation at -140 mV obtained

by fitting with two exponential functions before (control) and during the administration of

EFA and EFA plus DEX. The right panel shows the relative amplitude of the fast component
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(n =5, N = 3). The data concerning the grmax, Vh and time constants were analyzed by a

paired t test, control vs. EFA and EFA vs. EFA+DEX, respectively. The data concerning the

percent inhibition were analyzed by an unpaired t test.

Figure 7

The effect of moxonidine on the firing rate of spontaneous action potentials and I current. A,

Continuous recording of the spontaneous action potentials during administration of

moxonidine (MOX) at concentrations of 100 nM and 1 uM (upper panel). The simultaneous

measurement of the spontaneous firing rate plotted on the same time scale (lower panel). B,

The spontaneous firing rate before (control) and during the administration of MOX at each

concentration (n = 6-9, N = 4). The data were analyzed by a one-way ANOVA followed by

Dunnett’s test. C, Superimposed current traces of I¢ activated during 2-s hyperpolarizing

steps from a holding potential of -40 mV to test potentials of -50 to -140 mV before

(control) and during the administration of 1 uM MOX for 5 min. D, Superimposed current

traces of Is activated by the same protocol, before (control) and during the administration of

1 pM rilmenidine (RIL) for 5 min. E, The conductance (gr)-voltage relationship for I

constructed using the reversal potential of -31 mV in the absence (control) and presence of
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1uM MOX (n=8,N=3)and 1 uM RIL (n =8, N = 3), fitted with the Boltzmann equation.

F, Comparison of the maximal conductance of It (grmax) by fitting the conductance-voltage

relationship to a Boltzmann equation in the absence (control) and presence of MOX (n = 8,

N =3) and RIL (n =8, N = 3). G, The voltage at half-maximal activation (Vh) obtained by a

Boltzmann fitting in the absence (control) and presence of MOX (n =8, N = 3) and RIL (n

= 8, N = 3). The data of grmax and Vn were analyzed by a paired t test. *P < 0.05 in

comparison to control.
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Table 1

Table 1

Parameters of spontaneous action potentials of SA node cells in the absence and presence of

DEX
Control DEX
5nM 10 nM 100 nM 1uM

(n=18,N=9) (n=10,N=4) (n=13,N=7) (n=14,N=8) (n=11,N=6)
APA (mV) 83.5+8.3 84.6+8.4 86.6+7.9 86.3+8.1 86.4+6.2
APDso (MSs) 825+ 135 923+149 81.8+16.8 855+200 81.6%+199
APDgo (MS) 136.4+16.8 1455+19.0 133.1+23.8 133.3+26.8 133.1+27.2
MDP (mV) -56.7 +6.3 -60.1+7.4 -60.1+6.3 -6143+69 -629+6.3

max dV/dt (V/s) 11.7+6.0 10.3+4.3 13.7+7.0 129+6.4 139+46

Data are presented as the mean + SD and were obtained from the experiments shown in Figure 1.

DEX, dexmedetomidine; APA, action potential amplitude; APDso, action potential duration at 50

repolarization; APDgo, action potential duration at 90 repolarization; MDP, maximal diastolic

potential; max dV/dt, maximal rate of action potential depolarization. These data were analyzed

by a one-way ANOVA followed by Dunnett’s test.
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The effect of dexmedetomidine (DEX) on /i, channel activity. A, Superimposed current traces
during 250-ms depolarization steps from a holding potential of -50 mV to test potentials of 0 mV,
before (control) and during the administration of DEX (1 pM) for 5 min and 5 min after the
subsequent addition of 1 pM E-4031. B, Current-voltage relationships for /i, tail current, determined
as E-4301-sensitive current in the absence (control) and presence of 1 uM DEX. The smooth curves
through the data points represent the least-squares fit of the Boltzmann equation (n = 6, N=4). C,
The maximal amplitude of Iy, (i, i max) 10 control and in the presence of DEX obtained by
Boltzmann fitting (n = 6, N = 4). The data were analyzed by a paired ¢ test.
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The effect of dexmedetomidine (DEX) on 7, channel activity. A, Superimposed current traces during
2-s depolarization steps from a holding potential of -50 mV to test potentials of -40 mV to +50 mV,
before (control) and during the administration of 1 pM DEX in a cumulative manner for 5 min. B,
Current-voltage relationships for /i tail currents in the absence and presence of DEX. The smooth
curves through the data points represent the least-squares fit of the Boltzmann equation (n = 6, N = 3).
C, The maximal amplitude of I (I i may) in the absence (control) and presence of DEX obtained by
fitting with the Boltzmann equation(n = 6, N = 3). The data were analyzed by a paired ¢ test.
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The effect of dexmedetomidine (DEX) on I, ; channel activity. A, The time course of the changes in
the amplitude of /., ; evoked by 500-ms depolarizing steps from a holding potential of -50 mV to test
potentials of 0 mV in the absence of DEX for 15 min. B, The time course of the changes in the
amplitude of /,; evoked by the same protocol in the presence of 1 pM DEX,, 8 min after the start of
experiment. C, The percent amplitude of /,; in the absence and presence of DEX at the time points
indicated by the characters (a, b in panel A; a’, b’ in panel B, n = 4-6, N = 3). The data were analyzed
by an unpaired ¢ test.
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The effect of dexmedetomidine (DEX) on the I activity. (A) The time course of the changes in
membrane currents measured at +40 mV and -120 mV in the voltage-ramp protocol, during the
administration of 1 pM DEX and 1 mM NiCl,, as indicated. B, The current-voltage relationship of
membrane currents at the time points indicated by the characters in panel A. C, The current-voltage
relationships for the DEX-sensitive current (a-b) and NiCl,-sensitive current (a-d) obtained by digital
subtraction of the current traces shown in panel B (n =4, N=2).
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The effect of dexmedetomidine (DEX) on the /i 4, channel activity. A, The time course of the
changes in membrane currents measured at +40 mV and -120 mV in the voltage-ramp protocol,
during the administration of 1 uM DEX and 1 pM acetylcholine (ACh). B, The current-voltage
relationships for membrane currents recorded at the time points indicated by the characters in
panel A. C, The current-voltage relationships for DEX-sensitive current (b-a) and ACh-sensitive
current (d-c) obtained by digital subtraction of the current traces shown in panel B (n = 6, N = 3).
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