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SN VA < Ca2+/calmodulin potentiates IKs in sinoatrial node cells by activating
Ca2+/calmodulin-dependent protein kinase II.
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Ca®*/calmodulin potentiates Jx, in sinoatrial node cells by activating
Ca®*/calmodulin-dependent protein kinase II
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_Aim of the study:

Sinoatrial (SA) node cells have automaticity and function as physiological pacemakers of the mammalian
heart, which is generated and maintained by multiple ionic currents. The slow component of the delayed
rectifier K'current (/) is a major outward current, responsible for the repolarization of pacemaker action
potential and also play a crucial role in determining the automaticity. Intracellular Ca**, a fundamental
modulator of electrical activities in cardiac myocytes, interacts with calmodulin (CaM) and
Ca**/calmodulin-dependent protein kinase 11 (CaMKII) to regulate various cardiac ion channels. In the guinea
pig ventricular cells, /i, has been shown to be a Ca®*-sensitive current, but there are conflicting data on the
Ca®" or Ca®"/CaM sensitivity of the KCNQ1 or KCNQI1/KCNEI current in different cell lines (KCNQ1 gene
encodes the pore- forming a subunit, which associates KCNEI to produce /xs the channel). The present study
was designed to examine the possible regulation of Jx. by Ca®* or Ca®*/CaM and clarify the involvement of
CaMKII-dependent mechanism in this process.

Methods:

1. SA node cell Dreparation:vs_ingie SA node cells were obtained from the heart of adult Hartley guinea pigs
using an enzymatic dissociation procedure. The isolated cells were stored at 4 °C in the high-K”, low-CI
Kraftbrithe (KB) solution for later use within 8 h.

2. Whole-cell patch-clamp recording: /i, was elicited by depolarizing test pulses given from a holding
potential of =50 mV (Na" current was then inactivated) to various levels, and /c,1 and i, were blocked by
nisoldipine (0.4 pM) and E-4031 (5 pM), respectively. SA node cells were constantly perfused with
extracellular solution at 36 + 1 °C. Data for voltage dependence of Iy activation was fitted to a Boltzmann
equation: Jgs wmit = ks, wil, max/(17exXp (Vip —Vu)/K)), Where K, wit max IS the fitted maximal tail current
amplitude, Vy;, is the half-maximal voltage, V,, is the test potential, and k is the slope factor. The deactivation
kinetics was determined by a two exponential fit of /g tail current trace.

3. Action potential recording: Spontaneous action potentials were recorded in normal Tyrode solution with
amphotericin B (100 pg/ml) added in the pipette solution, and the measurements were started 5-10 min after
seal formation. '

4. Solutions and chemicals: To examine the sensitivity of Jxs to Ca™, the pipette solution containing lower
Ca** concentration (pCa 10, Ca(-)) was compared with control (pCa 7, Ca(+)), as well as with BAPTA-AM, a
membrane-permeable calcium fast chelator. The inhibitors, AIP, KN-93 together with its analog KN-92 were
used to test the involvement of CaMKII in Ca*"/CaM potentiated Ji,. A specific /i, inhibitor, HMR1556, was
applied to clarify role of /i, in pacemaker activity.

(R5) 1. MXAFEEL, HEORK - ik - BR - B - FROIEICERL, 2FF
BRETIATETHFTBIL, ‘
2. XEIOBMIZIZBALRWZ &,




132

G

Results:

1._Ixs in SA node cells is sensitive to intracellular Ca™: By the different dialysis of the cell interior, Ca ()
pipette solution typically reached the maximum reduction ~5 min after rupture of the patch membrane.
However, in a separate control set, the normalized tail current with Ca (+) solution (1.01 £ 0.025, n = 25) was
significantly larger than in cells dialyzed with Ca (=) solution (0.68 = 0.045, n = 19). The current densities
were 3.67 £ 0.39 and 7.42 £ 0.76 pA/pF in cells dialyzed with Ca (=) and Ca (+) pipette solutions,
respectively. Moreover, under Ca (+) conditions, a reduction in fxs; was detected immediately after
extracellular perfusion with 10 pM BAPTA-AM. These results suggest that cytosolic Ca®" is critical for
maintaining the basal activity of /k, in native SA node cells. '

2. CaM_increases [y in a Ca’’-dependent manner: Since CaM is a major mediator in Ca’*-dependent
modulation of ion channels we investigated the possible involvement of CaM modulation in the Ca®*
sensitivity of Jks. Dialysis of CaM (400 nM) with Ca (+) pipette solution significantly increased fxs (~ 42 %
increase) compared with the initial value obtained shortly (< ~ 40 s) after intraceilular perfusion and induced
a significant left shift in the voltage dependence of channel activation. In contrast, CaM could not potentiate
Ixs in cells dialyzed with Ca (-) pipette solution, suggesting the stimulatory action of CaM on I, is Ca®*
dependent.

3. Involvement of CaMKII signaling in Ca’*/CaM-induced I activation: Next, we examined the role of
CaMKI! in the regulation of the Ca™/CaM-induced /i increase using CaMKII inhibitors KN- 93 and AIP.
The /xs was only markediy reduced by 60.0 = 3.7 % after treatment with KN-93 but not with its analog
KN-92. However, KN-93 resulted in weaker J; inhibition (20.5 + 4.7 %) with Ca (—) solution, suggesting
that the CaMKII action on Ji, potentiation is also Ca®* dependent. KN-93 performed a same result in the
voltage-clamp protocol simulating spontaneous action potentials. Similar results were obtained in dialysis
with AIP. Furthermore, when pretreated with KN-93 before rupture patch membrane, dialysis CaM with Ca
(+) solution could not increase /i, indicating that the increase of I, elicited by Ca>*/CaM is mediated via the
CaMKII signaling pathway. The conclusion was strengthiened by the observation of a significant increase in
I after direct dialysis of CaMKI! delta.

4. Effect of CaMKII on spontaneous action potentials in guinea pig SA node cells: Finally, we examined the
effects of CaMKII on spontaneous action potentials, Extracellular application of KN-93 gradually slowed the
repolarizing phase of the action potential and spontaneous excitation was almost abolished by the exposure to
KN-93 for ~ 2 min. Also, AIP (permeable type) almost completely arrested the pacemaker activity.
Collectively, these data suggest that the basal CaMKII pathway plays an essential role in modulation of
pacemaker activity in guinea pig SA node cells. A specific /x, inhibitor, HMR1556, produced depolarization
of the MDP and reduction in firing rate, suggesting tthat he function of i is critically involved in regulation
of spontaneous excitation.

Discussion

In the present study, we identified that intracellular ca® regulated Jx; and blocked the phenomenon of Jg;
decline. Exogenously applied CaM potentiated Jg, in a Ca**- dependent manner. CaM also changed the
channel gating by producing a significant left shift in the voltage dependence of channel activation, which
may due to the binding between CaM and KCNQI1 according to recent reports. Most importantly, the
inhibitors of CaMKII abolished Ca*"/CaM-induced Ik increase, suggesting the involvement of CaMKII,
which may directly phosphorylate Jx, channel and mediate the Ca**/CaM-~induced enhancement of /y;.

Conclusion

Ca®/CaM modulates Jy in SA node cells of guinea pig through activation of the CaMKJI signaling pathway.
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L R A —RLERICB O TERIEERMESD Y U AER O Slow Component (Tks)i,
EENEMOFNBICB W TEERREER-L, Er OFREEREICI > THBES L TWH
B, AEIE, ATy b OIREFREEMIIZIY T Whole cell patch clamp %% BV T, Ca?/
calmodulin (CaM)DBBEIZ DWW THEEZTV, UWTOREALM L,

1) ks DEMEE L, MIRAOE CaBEIZIH L, & CaiREERIETH KR L,

2) HBF CaM (400nM) HBEix, HT AEEMNIE Ca FIERFIZERICHEIM L7,

3) #&EH CaMKII FHEAITH S autocamtide- 2 inhibitory peptide (500 nM)33 & T
KN-93(1 pM)id, FHIRE Ca F7E T C ks IEEZHNHI L=,

4) KN-93 OBfAERIZ L Y CaM i & B Tks FEHEIIEE LT,

L EDFER LY, =Ty FORBERZEHIECBWT, Ca?*/CaM iX CaMKH #1 L T lks %

B L. CaMKII O BN AERINH 2 VLR EBABRN SRR 2 RERET O B &k
OFEIZEES LT WA EEEEARR &S iz,

T, BIEEETAE D U 7 ABHO ks @ Ca?*/ CaM 2 L BEWEIZ ST LinE B 5.
FHDTHY, R E L THXNFICEE LZRB2ZHEHB LE-0T, L (BEF) o
FMHLIET A LD EBO LA,
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