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EEE, X bay R TERICEEL 2A F 0 F v JABEEL, HEOEIIC
WRSBEELTWBHZ LALLM LRS-, bhvbhix, T b3 KU 7 ATP &
ZHEK (mitoKy) FyRABEMLTVarTF o va=r (RAA¥EENICE -
LR 23 HE M4 2 45 5~ 2 IR L AR RA I HE) ICEE R &SI ZHE-> T3
ZEEBELE, DHHREREEDA FUF ¥R, OFRE - DEXHBZN
TOBEMENC Lo TV TV VI BEBIBZENMBNTVWS, LLaenRs,
ODFMRI Far FITAFrFrxro) 2T ) 2B 28R INE
TELBLN TR, KHFFEIL, mitok,F¥RXADUETF Y v 7 OREEH
BN L, DAREZBIFIDZTVarT 4 va=r 7 OEM, H25ViLLERE
DFELE - B L DREEZHFIAT 5 Z & & BT Rbhiz,

EBRIT, BIO 14.6 NARF— R LFREEFLE LTANWTITR %, bbb
NOWFIEEIL, ZTDBI0 14.6 NARF —TILLHMEEEREA 42 F v R0
VETZV U IZBREZY, LECGHF ¥ X VER (I,) S—BEAmEER (1,)
REPED L TESHEMFFERAPERE L TWVWAZ 285 L, £I7T,
mitoKy, F % RNAEEMCOEEL LTI IR uT A VEEEXREZHEEL,
nitoKy F ¥ FAEOETHEOT VL FONBERE L, ZOFKE, BIO
14.6 NARZ —LEFHIIATIE nitok,, F ¥ RADBEEILED LTV ARNEE
o, LhLiaenb, 798774 VBERIGD latency BIEE LT
DT, mitoKy F ¥ RATEHEACOHIENEREER & <IZ PKCITXT BRI
BEPDDOTIIRVHEHER END,

SEIDOERRERIT, nitoK, F¥ XV ET Y VBRI > TV A AREES
TRTDHLDTHD, &L, mitoKy, F¥ FNVOSyFiEEE, I b FUTRH

fEIZH 2D ABC EHDOUNE DT D MABCI & succinate dehydrogenase 73 % D



BT THDZERTRENTNS, LHLAND, FrrLLelRmT 55
FORFEIZIZE > TV, 54, mitoKy, F ¥ RV D5 FHEE A ER g,
FXRNVDYET Y VBT A H MR b ELNE D L RS TE S, %
7o, DERMEEICET B mitoKy, % KD UET Y 2 7R nitok,, F ¥ R LLIS
DI PN TAZTF RV (CHERLKF ¥ IR YE) ODUEFTY Lo
BREBATREREVEBINTND, FFEREO—B L 2HITZNTH
Do
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GIEATE S
DARENDLRAZ— (BIO 14.6) IZBIFHI har KU 7T
ATP REZMK'F ¥ XNVDIVETY 7
ERERIA, TARIERE

TRRFERFBLEFH FEPE SR E

I Ui

DFHMROA Z U F v 2, LDARE - LBERH B WVIGLEHENCL > TY
EFVUITRBIDZEBMOENTVS Y, LHHEI har R 7HRECH D
ATP BEEME K (mitoKyp) F¥ XML, BV arF o va=vy (FikE
iz &> TLHPELTHELEET 0% CEEREE2H-TWE 2, UE
TUVVITLBTIETvarsT 1 3=y I LB 0B RED RN T3 Z &5
BEINTVER Y, ZhD nitKe, F¥ R0 YEF Y U FICERERTEE D
NI FAATH D, Lo TEHREDEHINX, nitKmy T ¥ RNVDOVETY 7
DREBEFROZL, DREBRZBIT DT varT o va=v 7 OEMH,, 50
ITLEHEDRAE - B OBERERTIZLTH S,

0 X

DAREET/VE LTBIO 14.6 "ARZ—Y, BEL LTFIBNLAT—%H
WTEREITR o7z,

(1) BIO 14.6 & FIBNLRZ—D.LEHMBEET ENENL 275 —EBAEIZ X
DEEELERICELE, I hay R T ORERREAEESE D0, K



BE L7 DEFMAE SRR GYFMEE ST DMEM) 2472 < &b 3 BFRLLEF
FL,

Q) DEHMAEZELEMER T —JIZBWEF v o —IC AR, Fra—2x
ZEE 72\ Tyrode i THEWE L 7=, Tyrode IR DAAALIZ, NaCl 140, KC1 5. 4, CaCl,
1.8, NaH,PO, 0.33, MgCl, 0.5, HEPES 5 (pH=7.4) Th 5,

(3) MitoK,, F¥ FVEELDIEIEL LT IR7 T A VEREEZRE L,
MitoKp F¥ RADBREIZE Y KBHMEENO~ M) v 7 A~TRAT B &, BK
BITBITH HOBHMMEESN D 2D T TART BT A VBERIS AT L T
HBHEHES D, 77X 0T A BREIEIIFERE 480 nm, HIYEEE 520 nm
WCTHIE L,

(4) BWHIEEIIMILZEITH D 2, 4-dinitrophenol (DNP) % FEBRHE T AN
LT, RARBERSEBILEZEEO7 IR veTFA VEREXEE 100%E Lz
FXETER LT,

(B) T—FITFHELFEBRETRALTH D, AEEZDHREIT ANOVA

(Fisher’s post hoc test) ZHWT, p0.06 Z2HEEEH LA LT,

m &R

DFAIAZIZ mitoK, T ¥ XNV OBIRMBEOE CTH B diazoxide ZHMTH L 75
RTBT A BREIOBENEMTS Y, B 1A & 1BILBI0 14.6 & FIB A
A Z—D.OHMARIC diazoxide (100 puM) ZHWMLZEEDTIRTaTFA >
B R ORRFRZE(L D BEF & Z 1 E R LTV 5,BI0 14. 6 O.LAFHERI,
diazoxide ZIWML THE 75 R T a7 A VHFLEXEIEMLIZILHEET
DO (latency) 2549 15 0H 0, TDH & HEMITH 2 ITHEML T DNP DEN
FREEDK) 40%FE TE LT, —F, XRBEETH 5 F1 5 0L TIX, latency 28
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BIO14.6 X V&< (W8 4M), 2DbL 75 RTuT A L BEREHIZ DN D%
FEFRE DI 40%FE THEM L7z, X 1C 1% diazoxide (100 uM) IZXB 7R =
TA BRI EZEFITE L DIZbDTH B, BIO 14.6 1% 48. 1£5. 7%, F18
(X 45, 1EL5. 6hE T TRT BT A Y BFREEBENENHEIML, BWEICEZTH
bgholz, LaLRans, MIDIZRTIE <, BI014. 6 D latency i 15.2
£0.747, F1BIE8.0x1.243TH YV, BIO 14.6 DIFH BEBIZERE L TV,
bhvbivd, mitoKg, F ¥ RNV protein kinase C (PKC) 12 Xk VW EM L &1
H &, latency BEMT LI LE®MELE ¥, £ T, PKC ZiEMHLT S
bradykinin @ BIO 14. 6 LB FAAE mitoK,, F ¥ RNMIHTAERZHRE L, K
MITT7 IR T 0T A v BRENORFHELOHAEFIZ R, BIO 14.6 D0
AARIX, diazoxide (100 pM) Z¥EMTB L 15450 latency bV, Z0dH
& DNP D NEFREE DO 50% L THENM L7, Diazoxide % washout L7zdh &,
bradykinin (1 uM) ZEMTHEMLTL 7 IR 0T7A VEFEIEL LR
hrolz, LMUL7ZR72305, bradykinin F#7E FIC diazoxide Z¥RINT 5 &, FEHHE
TEHELT, latency I3M 7T 0~EHEL, 77 R7rT A VBFHNXE DNP O
HICTRE DR T0%E THEIN L7, K 2BIZRT X 51T, diazoxide BJH Tl 43.8
6. 8% ThHholmT7 T RTaT A EBFEEIND, bradykinin MLV 63.7+
.6RCEHEITHEM L (p<0.05), E7=, 2C 2R X 912, bradykinin F7E
TTiX latency 2% 16.2£0.7 2355 8.4£0. 7T H~HEIZEM L7z (p<0. 05),
725, bradykinin IZ L ¥ diazoxide D7 TR 1T A ERMLRIGASHETA L
7o

IV Z%

RBFFECIZLHE N AR S —BI0 14.6 ZFNT mitoKy, T F /b OHEEREH
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TR o0z, ZONDLAZ—TIHLHMREEEOA L F v XD U EFY
YIBRIY, LECCTFrxVER (I,) S—BESMEER (1,,) MBS L
TEBEMFRFRIER LTS 7, SEOERTIE, BI0 14.6 NARZ—
DFFHAEIL, STREETHS FIB LB LT, nitoK, F ¥ RATEHE(LOEETH
D7 TRTaTA VBEKRED latency IIEEL T\, LALERRE, 75
R7vT A BRENOEMOBREIIIEN 21 oT-, TMEHECTREEDELK
ISR Z 2722 &b, mitoKy, F¥ FAOBE BIO 14. 6 DM TR L
TWRWEHER SN D, BIO 14. 6 .LAHMIALD latency 28 bradykinin 12 & ¥ 454k
L, ORISR L., ZO%RIL, adenosine 23 PKC 7 LT mitoK,s,
F ¥ RNVETEE L latency ZEMS DL —HLTWVWS Y, LENRST,
BIO 14.6 .LoA#EARIL, FMIAIEREER L <IZ PKC OIEELIZRERH B DT
RV EHRIEN D, EBE, BIO 14.6 TiX PKC DEMEBSETLTWS & D
HELHY Y, ZORTESLIIRNETAILERD B,

SENTOEFHMIRE AV TR L2, DEGHRKEO nitoK,, F v /L
LEMENCB TR VET )V FIC oW T HE BB TIFETH B, &I,
mitoKy, F ¥ RAVDFHEEIX, I b FITHEICHS ABCEHDDE DT
&% MABC1 & succinate dehydrogenase 3% DHEE S F ThH D Z L BRI S H
TWD 2 BERRD, F Y XNVILEER T AAFOREICITERE - TR,
&, mitoKy, ¥ RO FREENER SWE, FYyRADUEFTY 7
B2 RBRLBONDZTHASH, B, LEMBEOI Far NY FHE
21k Ca®fE AL K (mitoK,) F¥ RANEETIZERHMESINE O, bhb
UL, mitoK, I /L2 protein kinase A IZX o TIEMAL EH, mitoK, F+
FNVERIRIZI bar FYTH Ca"BAMZIE L CLGHEENIE = L%

BEL7ZY, ZOnitok, F¥ RXADYEF Y L FI2o0Th, EXIZEED D
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BIO 14.6 & F1 B NARZ —DLEFHMIAIZRIT B diazoxide D7 S EFuF A LBk
{BLERR, DIAZ: diazoxide (100 u M), DNP: 2. 4-dinitrophenol (100 u M), * p<0. 05

vs. F18,

2
BIO 14.6 N AR Z —LEGHARIZIIT B diazoxide & bradykinin @7 SR F v 5
A VBAERIS, DIAZ: diazoxide (100 M), BK: bradykinin (1 uM), DNP:

2.4—-dinitrophenol (100 uM), * p<0.05 vs. DIAZ,
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Abstract

Objective: While atrial natriuretic peptide (ANP) has been shown to be released mainly
from cardiac muscle cells in response to atrial distension, the regulatory mechanisms of
ANP secretion are still not fully understood. We sought to determine whether
ATP-sensitive K* (K tp) channel modulates the secretion of ANP, using mice with
homozygous knockout of the Kir6.2 (a pore-forming subunit of cardiac Karp channel)
gene. Methods: Karp channel currents were recorded from isolated mouse atrial cells
with patch clamp techniques. Plasma ANP concentration in anesthetized mice, ANP
content and secretion in isolated atrial preparations were determined by
radioimmunoassay. Action potentials were recorded from the isolated atria. Results:
Exposure to 2,4-dinitrophenol (100 pM) evoked a glibenclamide-sensitive Karp channel
current in atrial cells from wild-type (WT) but not Kir6.2 knockout (Kir6.2 KO) mice.
Although there were no significant differences in the basal plasma ANP level between
WT and Kir6.2 KO mice, volume expansion caused a significant elevation of plasma
ANP concentration in Kir6.2 KO but not WT mice with accompanying hypotension.
When isolated left atria were stretched, ANP secreted into the bath from Kir6.2 KO atria
was significantly higher than that from WT atria. Furthermore, stretching the atria from
WT but not Kir6.2 KO mice significantly shortened the action potential duration. A
hypotonic stretch of the membrane induced the glibenclamide-sensitive K arp channel
current in atrial cells from WT but not Kir6.2 KO mice. Conclusions: Kir6.2 is
essential for the function of Krp channel in mouse atrial cells. Given that Kir6.2 KO
mice are susceptible to stretch-induced secretion of ANP, our results suggest that K arp

channel may act as a negative feedback mechanism for the control of ANP secretion.

Keywords: natriuretic peptide; K-ATP channel; myocytes
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1. Introduction

ATP-sensitive K* (Karp) channels, originally discovered in cardiac muscle [1], are
present in many tissues and play an important role in various cellular responses [2]. The
molecular identity of sarcolemmal K rp channels is now known to be a
hetero-octameric complex of four pore-forming subunit (Kir6.x) and four sulfonylurea
receptor regulatory subunit (SUR) [2]. Previous studies have shown that mutant mice
lacking the Kir6.2 subunit of Krp channels (Kir6.2 KO mice) display obvious
impairment of the insulin response to glucose [3] and are susceptible to generalized
seizures after brief hypoxia [4]. Our recent studies using the Kir6.2 KO mice have
provided direct evidence that Kir6.2 forms the pore region of ventricular Karp channels
[5] and the activation of K srp channels plays an important role in cardioprotection [6].
More recently, Kir6.2 KO mouse models highlight the importance of K srp channels in
the adaptation to stress beyond their role in cytoprotection [7].

Although considerable advances have been made in recent years towards
understanding the nature of ventricular K srp channels, the molecular identity and
functional role of atrial Krp channels are poorly understood. Atrial distention causes
release into the circulation of atrial natriuretic peptide (ANP), a hormone that plays a
role in the regulation of cardiovascular homeostasis [8]. Since the gating of the atrial
Karp channel is mechanosensitive [9], the relationship to the process of ANP secretion is
a subject of considerable interest. Kim et al. [10] reported that the K arp channel blocker
glibenclamide suppressed the stretch-stimulated ANP secretion from rat atria. On the
other hand, conflicting observation was reported that the K rp channel blocker
tolbutamide increased the release of ANP in neonatal rat atrial myocytes [11]. Moreover,
Xu et al. [12] reported that the stretch-induced ANP secretion was inhibited by Karp

channel openers. Thus, the results so far obtained by using Karp channel blockers and
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openers are not conclusive. In this study, we sought to determine whether atrial K srp
channel regulates the secretion of ANP, using Kir6.2-deficient mice. The results show
that Kir6.2 is essential for the function of atrial Karp channel and Kir6.2-deficient mice

are susceptible to the stretch-induced secretion of ANP.
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2. Methods

2.1. Kir6.2-deficient mice

All procedures were performed in conformity with the Guide for the Care and Use
of Laboratory Animals (NIH publication No. 85-23, revised 1996), and were approved
by the Institutional Animal Care and Use Committee of Chiba University. A mouse line
deficient in the Karp channels was generated by targeted disruption of the gene coding
for Kir6.2, as described previously [3]. C57BL/6 mice were used as control because
they had been back crossed to a C57BL/6 strain for five generations. Twelve- to
fourteen-weeks old Kir6.2-deficient mice or C57BL/6 control mice were used in this

study.

2.2. Electrophysiology

Single atrial cells were enzymatically isolated by the method of Suzuki et al. [5]
with some modifications. Single-channel and whole-cell membrane currents were
recorded by the patch-clamp method as previously described [5,6]. Whole-cell current
recordings were performed at 36°C with nystatin in the pipette solution. Single atrial
cells were superfused with the HEPES-Tyrode’s solution (in mM): NaCl 143, KCl 5.4,
CaCl; 1.8, MgCl, 0.5, NaHPO4 0.33, glucose 5.5, and HEPES-NaOH buffer 10 (pH=
7.4). The pipette solution contained (in mM): K-aspartate 110, KCI 20, MgCl, 1.0,
CaCl; 1.0, EGTA 0.1, and HEPES-KOH buffer 5 (pH = 7.4), with 250 pg/ml nystatin. A
ramp-pulse protocol (100 to +50 mV over 2.5 seconds, repeated at 30-second intervals)
was used to record the quasi-steady-state membrane current. For the experiments of
hypotonic stretch of the membrane (Fig. 6), the isolated atrial cells were exposed to the
low-chloride isotonic or hypotonic solution in order to minimize swelling-induced

chloride current contamination [13]. Isotonic solution contained (in mM): Na-aspartate
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80, KCl 5.4, CaCl, 1.8, MgCl, 0.5, NaH,PO4 0733, glucose 5.5, mannitol 119, and
HEPES-NaOH buffer 10 (pH = 7.4, =36°C) with the osmolarity of 300 mosmol/kg H,O.
Hypotonic solution was prepared by simply omitting mannitol from the isotonic
solution with the osmolality of 180 mosmol/kg H,0. For single-channel recordings
from the cell-attached patches, symmetrical high K" external and internal solutions
(=22°C) were used. The external solution contained (in mM): KC1 140, EGTA 5,
Nay-ATP 0.1, and HEPES-KOH buffer 5 (pH = 7.4), and the pipette solution contained
(in mM): KCl 140, MgCl, 1.8, CaCl, 1.8, and HEPES-KOH buffer 5 (pH = 7.4). The
current signals were digitized at 2 kHz for data‘ analysis with pClamp software (Axon

Instruments, Foster City, CA).

2.3. Volume expansion

The mice were anesthetized with urethane (1.5 g/kg, i.p.) and placed on a heating
pad to maintain rectal temperatures at 37°C. The left external jugular vein was
cannulated with small polyethylene catheters for intravenous infusion. Volume
expansion was performed by a modification of the method of Kishimoto et al. [14]. The
lactated Ringer’s solution containing 4.5% bovine serum albumin was infused at a rate
of 200 pl/b/g (body weight) for 30 min. The rate of infusion was then lowered to 4.3
ul/h/g for another 30 min. In some experiments the initial infusion rate was increased
from 200 to 400 pl/h/g for 30min, after which the infusion was continued at a rate of 4.3
ul/b/g for 30 min. These infusions were carried out with a microinfusion pump (Harvard
Apparatus, MA). At the end of the volume expansion, blood (700 pul) was drawn from
the right carotid artery, collected into tube containing EDTA and aprotinin, and
centrifuged for 20 min at 4°C. Plasma samples were stored at —80°C until analyzed by

ANP radioimmunoassay.
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2.4. Hemodynamic measurements

Arterial blood pressure was measured continuously in mice anesthetized with
urethane. The right carotid artery was cannulated with small polyethylene catheters for
the measurement of blood pressure via a pressure transducer. Heart rate was derived

from the arterial blood pressure signal.

2.5. Isolated atrial preparations

Tissue bath preparations of left atria were prepared by a modification of the
method described by Bilder et al. [15]. Briefly, left atria from WT and Kir6.2 KO mice
were dissected free, and placed in a 3-ml water jacketed tissue bath containing
HEPES-Tyrode’s solution (pH = 7.4) gassed with 100% O (37°C). The edge of
preparation was pinned to the rubber base of the tissue bath and electrically paced at a
frequency of 5 Hz. After 10 min equilibration, the bath solution was discarded and 1 ml
of fresh HEPES-Tyrode’s solution was added to the bath. Atrial preparations were
incubated in this solution with or without stretch stimulus. The atria connected to a
string were stretched with a fixed resting tension of 0.5 g. After 10 min of incubation,
the bath solution was collected into a tube containing EDTA and aprotinin, and stored at

—80°C until analyzed by ANP radioimmunoassay.

2.6. ANP content of the atria

The hearts were rapidly removed from the anesthetized mice and the left atria
were dissected out and immediately frozen in liquid nitrogen. The lysates were obtained
from three preparations by homogenization in ice-cold buffer (0.1 mM acetic acid). The
lysates were incubated for 8 min at 100°C, kept on ice for 15 min and cleared by
centrifugation at 66,000 x g for 20 min at 4°C. Protein concentration was determined by

the BCA protein assay kit (PIERCE, Rockford, IL).
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2.7. ANP radioimmunoassay
The concentration of immunoreactive ANP was measured by commercially
available radioimmunoassay, as described previously [16]. The threshold for detection

of ANP was 1.5 pg/ml.

2.8. Action potential recordings

The preparations of left atria from WT and Kir6.2 KO mice were mounted in a
recording chamber and perfused at a constant flow (5 ml/min) with Tyrode’s solution (in
mM): NaCl 125, KCl1 4.0, CaCl; 2.7, MgCl; 0.5, NaH,PO4 1.8, glucose 5.5, and
NaHCOs; 25 and gassed with 95% O4/5% CO, (37°C). Action potentials were evoked by
electrical field stimulation at 5 Hz (2-ms rectangular pulses at 2x threshold intensity)
and recorded by use of a 3 M KCl-filled microelectrode (tip resistance 1020 MQ). The
edge of left atrial preparation was stretched with a fixed resting tension of 0.5 g.
Transmembrane potential was recorded by a direct current preamplifier (MEZ-7200,
Nihon Kohden, Tokyo, Japan) and digitized (PowerLab 2/20, ADInstruments, Castle

Hill, Australia).

2.9. Drugs

The following drugs were used: nystatin (Wako Pure Chemicals, Osaka, Japan);
glibenclamide (Sigma-Aldrich Japan, Tokyo, Japan). Nystatin was dissolved in
methanol at a concentration of 10 mg/ml and added to the pipette solution at a
concentration of 250 pg/ml just before experiments. Glibenclamide was dissolved in
dimethy] sulfoxide as a stock solution of 10 mM, and final concentration of dimethyl

sulfoxide was less than 0.1%.
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2.10. Statistics
All data are presented as mean + SEM. Statistical comparisons were made with
the use of Student’s # test or ANOVA combined with Fisher post hoc test, as appropriate.

A p value of less than 0.05 was considered significant.
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3. Results

3.1. Kyrp channel function in atrial cells
We first evaluated K arp channel function in atrial cells isolated from wild-type

(WT) and Kir6.2-deficient (Kir6.2 KO) mice. Whole-cell membrane currents were
recorded gsing a ramp-pulse protocol (Figs. 1A and 1B). There were no significant
differences in the density of the outward current at 0 mV between atrial cells isolated
from WT (1.4 £ 0.1 pA/pF, n = 6) and Kir6.2 KO mice (1.6 + 0.1 pA/pF, n = 6) in the
control condition. In WT cells, metabolic inhibition with a glucose-free, 100 pM

DNP-containing solution induced an outward current (9.1 = 0.1 pA/pF at 0 mV, n = 6),
| which, by virtue of its blockade by 1 pM glibenclamide (1.3 % 0.1 pA/pF, n = 6), was
confirmed to be the Karp current. However, such a membrane current change was not
observed in Kir6.2 KO cells (1.6 £ 0.1 pA/pF after metabolic inhibition, n = 6). When
the atrial cells were exposed to a solution containing DNP (100 pM), single K arp
channel activity could be recorded from 25 of 25 cell-attached patches of 9 WT mice
(Fig. 1C). The channel openings were inhibited by addition of 1 pM glibenclamide to
the solution (data not shown). The linear slope conductance, obtained from the
current-voltage relationship from —100 mV to —40 mV for the single channel current of
WT cells, was 71.6 £+ 1.7 pS (n = 7). In contrast, opening of Karp channels could not be
recorded from any cell-attached patches of Kir6.2 KO cells (n = 18). These results

indicate that Kir6.2 is essential for the function of Karp channel in atrial cells.

3.2. Effect of volume expansion on plasma ANP level
In anesthetized mice, there were no significant differences in the basal plasma
ANP concentrations between WT (28.7 + 3.0 pg/ml, n = 7) and Kir6.2 KO mice (36.6 +

4.9 pg/ml, n = 6). After volume expansion (200 pl/h/g for 30 min and 4.3 pl/h/g for
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another 30 min), the plasma ANP level was increased to 31.8 + 1.6 pg/ml (n=7)in WT
mice, but this change was not statistically significant (p = 0.385 vs. baseline). On the
other hand, Kir6.2 KO mice reacted to volume expansion and the plasma ANP
concentration significantly increased to 73.5 = 13.4 pg/ml (n =5, p = 0.021 vs. baseline).
The elevation of plasma ANP levels observed in Kir6.2 KO mice was notably higher
than that observed in WT mice (p = 0.004) (Fig. 2). When the initial infusion rate was
increased from 200 to 400 pl/h/g for 30min (then the rate of infusion was lowered to 4.3
pl/h/g for 30 min) to give a severe volume expansion, the plasma ANP concentration in
WT mice significantly increased to 49.8 + 8.2 pg/ml (n=4, p = 0.024 vs. baseline). This
value was not significantly different from that in Kir6.2 KO mice (53.9 + 4.9 pg/ml, n=
4). These results indicate that Kir6.2 KO mice are susceptible to the ANP secretion by

volume expansion.

3.3. Hemodynamic efffects of volume expansion

There were no significant differences in the basal values of mean arterial pressure
(MAP) between WT and Kir6.2 KO mice (Fig. 3). The values of MAP at 30 min of
volume expansion were similarly increased in both WT (112.0 + 4.1% of baseline, n =
4) and Kir6.2 KO mice (111.3 & 2.3% of baseline, n = 4). In WT mice, MAP returned to
baseline levels after 60 min of volume expansion (96.7 + 6.2% of baseline, n = 4). In
contrast, 60 min of volume expansion in the Kir6.2 KO mice produced significant
decrease in MAP (81.0 £ 4.7% of baseline, n = 4, p < 0.05). There were no significant
differences in the basal values of heart rate between WT (654 + 31 bpm, n = 7) and
Kir6.2 KO mice (642 + 50 bpm, n = 5). Volume expansion did not alter the heart rate in

both WT (689 + 25 bpm, n = 7) and Kir6.2 KO mice (644 = 50 bpm, n= 5).

3.4. ANP secretion from isolated atria
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Isolated mouse atrial preparations were used to study the direct effect of
mechanical stretch on ANP release. As shown in Fig. 4, in most cases the ANP
concentration did not exceed the threshold for detection (>1.5 pg/ml). We therefore
repeated the experiment until the ANP secretion was detected in 4 or 5 of the
preparations in each group. In control (non-stretch) conditions, ANP secretion was
detected ih 4 of 17 atria from WT and in 5 of 13 atria from Kir6.2 KO, respectively. The
mean ANP concentration in each of 4 or 5 preparations (WT; 2.2 + 0.2 pg/ml, Kir6.2
KO; 2.8 + 0.4 pg/ml) was not statistically significant. After mechanical stretch for 10
min, ANP secretion was detected in 4 of 15 atria from WT. In Kir6.2 KO atria, ANP
secretion was detected in 4 of 8 preparations, and the mean ANP concentration (4.9 +
0.7 pg/ml) was notably higher that that observed in WT atria (2.4 £ 0.3 pg/ml) (p =
0.046).

ANP content of atria obtained from WT and Kir6.2 KO mice was 0.64 + 0.30
ng/mg protein and 0.74 £ 0.23 ng/mg protein, respectively; these values did not reach

statistical significance (n = 3, p = 0.696).

3.5. Action potentials in isolated atria.

Representative recordings of action potentials before and after 5 min of stretch are
shown in Figs. 5A and 5B. The action potential duration (APD) in the WT atrium was
shortened at 5 min of stretch, while the APD remained unaltered in the Kir6.2 KO
atrium. As summarized in Fig. 5C, stretching the WT atria significantly shortened the
APD measured at 90% repolarization (APDgp) to 71.8 + 3.4 % of control (n=4,p =
0.004). Stretch-induced shortening of APDg, was not observed in Kir6.2 KO atria (98.6

+0.7 %, n=4).

3.6. Hypotonic stretch-induced K yrp current
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To determine whether K arp channel currents could be mechanically induced, the
nystatin-perforated patch was used to record whole-cell membrané currents, and atrial
cells were perfused with either isotonic or hypotonic solutions. Fig. 6A shows the
representative current traces recorded in response to voltage ramps from ~100 to +50
mV. In an atrial cell of WT, a hypotonic stretch of the membrane for 10 min evoked an
outward current that could be reduced by the subsequent application of glibenclamide (1
uM). The reversal potential of the glibenclamide-sensitive current, which isolated by
digital subtraction of the current trace in the presence of glibenclamide from that under
hypotonic condition, was close to the K” equilibrium potential (~80 mV, data not
shown). On the other hand, a hypotonic stretch of the membrane slightly increased the
outward current in Kir6.2 KO cells, but this current was not blocked by glibenclamide.
As summarized in Fig. 6B, hypotonic stretch of WT cells significantly increased the
glibenclamide-sensitive outward current at 0 mV from 0.23 + 0.03 to 1.73 + 0.36 pA/pF
(n=4, p <0.05). However, in Kir6.2 KO cells, a glibenclamide-sensitive outward
current was not evoked under hypotonic stretch (from 0.13 £ 0.03 to 0.16 + 0.07 PA/pF,
n =4, p=0.66). These results indicate that Krp channel current is activated by

hypotonic stretch of the membrane in atrial cells from WT but not Kir6.2 KO mice.
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4. Discussion

4.1. Kir6.2 forms the pore of atrial Krp channels

A previous study using primary cultured neonatal rat atrial cells suggested that
molecular composition of atrial K srp channels may be different from that of ventricular
Karp channels based on the functional and pharmacological profiles [17]. In the present
study, however, a glibenclamide-sensitive Karp channel current could be observed
during metabolic inhibition in atrial cells of WT but not Kir6.2 KO mice (Figs. 1A and
1B). In addition, we found that the unitary conductance of single K srp channel current
in WT mouse atrial cells (71.6 + 1.7 pS, n =7, Fig. 1C) was close to that of ventricular
cells (75.9 £ 1.3 pS, n =7, data not shown). Therefore, it can be concluded that Kir6.2 is
essential for the function of mouse atrial K srp channels and Kir6.2 KO mice are

potentially useful to examine whether Krp channel modulates the secretion of ANP.

4.2. K4rp channel modulates ANP secretion in vivo and in vitro

It is acknowledged that ANP is stored as pro-ANP within the granules of
cardiomyocytes and feleased in response to atrial stretch [18,19]. Pro-ANP is cleaved
during the release process by a cardiac protease, corin, to form the biologically active
C-terminal ANP [20]. Here we examined, in vivo and in vitro, whether K srp channel is
crucial for the regulation of ANP secretion. Plasma volume expansion was used as a
means of producing release of the cardiac ANP granules in vivo. There were no
significant differences in the basal plasma ANP levels (Fig. 2) between WT and Kir6.2
KO mice. After the initial volume expansion (200 pl/h/g for 30min), MAP in WT and
Kir6.2 KO mice increased to similar extents (Fig. 3), suggesting that the volume
expansion seemed to be equally effective in both WT and Kir6.2 KO mice. In WT mice,

however, volume expansion was insufficient to cause a significant increase in plasma
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ANP concentration. Despite a rather mild leume expansion, a significant increase of
plasma ANP concentration was observed in Kir6.2 KO mice (Fig. 2). ANP promotes
diuresis/natriuresis and reduces vascular tone [8]. Consequently, hypotension might
occur in Kir6.2 KO but not WT mice (Fig. 3), accompanied by an excessive secretion of
ANP.

ANP secreted into the bath from atrial tissue in vitro was small and <30% of
preparations exceeded the threshold for detection in control conditions. However, 4 of 8
preparations (50%) from Kir6.2 KO mice exceeded the threshold for detection after
mechanical stretch and the ANP concentration was greater than that of WT atria (Fig. 4).
Thus, in vitro study using isolated atria was consistent with the findings in vivo. Since
ANP content of WT atria was not statistically different from Kir6.2 KO atria (Fig. 5),1in
vivo and in vitro studies suggest that Kir6.2 KO mice are susceptible to stretch-induced
secretion of ANP. Furthermore, given the fact that an excess of ANP produced
hypotension in Kir6.2 KO mice, it is reasonable to suppose that activation of K1p

channels is a mechanism for feedback inhibition of stimulated ANP release.

4.3. Activation of atrial Kyrp channels by mechanical stretch

Based on pharmacological experiments, it has been proposed that K arp channels
regulate ANP secretion [10,11]. In the present study, we found that mechanical stretch
shortened the action potential duration in WT atria, but not in Kir6.2 KO atria (Fig. 5).
Van Wagoner [9] reported that Karp channels in rat atrial cells were mechanosensitive
and activated by a hypotonic swelling. Later on, Baron et al. [17] also demonstrated a
hypotonic-induced activation of the atrial appendage Karp channel currents. In
agreement with previous reports, we could record the glibenclamide-sensitive Karp
channel current in response to a hypotonic stretch in atrial cells of WT but not Kir6.2

KO mice (Fig. 6). Although we did not investigate the hypotonic stretch-induced ANP
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secretion, Jiao et al. [11] have demonstrated that a hypotonic swelling increases ANP
secretion in rat atrial myocyte culture. Together, these findings suggest that mechanical

stimulus of atrial myocytes activates K atp channel in association with ANP secretion.

4.4. Possible mechanisms underlying K rp channel-mediated regulation of ANP
secretion.

Our observations raise the question of how stretch-induced opening of Karp
channels prevents excessive release of ANP. The diagram of Fig. 7 shows the possible
mechanism underlying Karr channel-mediated regulation of ANP secretion. Mechanical
stretch in isolated atrial tissues was reported to increase the intracellular Ca*" transients
and the late duration of the action potentials, which was ascribed to the stretch-induced
channel activation and resultant augmentation of the Na'/ Ca®*-exchanger inward
current [21,22]. It has also been proposed that intracellular Ca** plays a critical role in
ANP secretion from atrial cells, and changes of cytosolic Ca®* concentration affects
ANP secretion [8,23,24]. Activation of atrial Karp channels by mechanical stretch may
decrease the cytosolic Ca®* concentration by abbreviating the action potentials, which is
expected reduce the time for Ca*" influx via L-type Ca’* channels and to increase the
time for Ca®" extrusion through the Na*/ Ca**-exchange system. Whatever the
mechanism involved, the present study clearly demonstrates that Karp channels

negatively regulate ANP secretion from atrial tissues.

4.5. Conclusions

ANP is known to produce a variety of physiological actions such as diuretic,
vasodilative [25,26], anti-ischemic [27] and antihypertrophic actions [28]. In the present
study we have provided evidence that Kir6.2 is essential for the function of Karp

channel in atrial myocytes, and that Karp channel-dependent mechanism contributes to
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the regulation of ANP secretion. Recently, a functional study using Kir6.2 KO mice has
demonstrated that disruption of Karp channel function leads to impaired Ca®* handling,
cardiac dysfunction and lethal arrhythmias under vigorous sympathetic stimulation,
suggesting requirement of Karp channels for adaptation to physiological stress [7].
Furthermore, it has been reported that in failing hearts the metabolic dysregulation of
Karp channels can occur and resultant loss of protective mechanisms expands the risk of
disease progression [29]. Therefore, ANP secretion induced by impaired K orp channel
function may play a compensatory role by protecting the heart under pathophysiological
states. It is likely, however, that under physiological conditions K srp channel may act as

a negative feedback mechanism for the control of ANP secretion.
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Figure Legends

Fig. 1. (A) Effect of metabolic inhibition with a glucose-free, DNP-containing (100
uM) solution and coapplication of glibenclamide (GLB, 1 uM) on the
nystatin-perforated whole-cell membrane currents recorded from atrial cells of WT
(left) and Kir6.2 KO mice (right). (B) Current densities at 0 mV from control (n = 6 of
WT, n = 6 of Kir6.2 KO, black bar), DNP-treated (n = 6 of WT, n = 6 of Kir6.2 KO,
grey bar) and DNP+GLB (n = 6 of WT, dark grey bar) mice of atrial cells are
summarized. Values are mean + SEM. * p <0.01 vs. control. (C) Single-channel current
recordings in the cell-attached mode by addition of DNP (100 pM) from atrial cells of

WT (left) and Kir6.2 KO mice (right). The test potential is indicated on the left.

Fig. 2. Effect of volume expansion on plasma ANP levels of WT and Kir6.2 KO mice.
Top panel shows the experimental protocol. Bottom panel shows summarized data for
plasma ANP concentration. Blood samples were drawn at baseline (n=7 of WT, n= 6
of Kir6.2 KO, grey bar), and after volume expansion (n =7 of WT, n =5 of Kir6.2 KO,

black bar). Values are mean + SEM.

Fig. 3. Effect of volume expansion on mean arterial pressure (MAP) in anesthetized
mice. (A) Changes of MAP before (baseline) and after 30 and 60 min of volume
expansion. (B) MAPs are given as a percentage of the value measured at baseline. Data
represent mean + SEM of 4 experiments for each group. * p < 0.05 vs. baseline, # p <

0.05 vs. 30 min.

Fig. 4. Effects of mechanical stretch on ANP secretion in isolated atria from WT and

Kir6.2 KO mice. The threshold for detection of ANP (1.5 pg/ml) is represented as dotted
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line. Each symbol represents data from individual preparations. Closed squares indicate

the mean and the vertical bars indicate SEM.

Fig. 5. Representative recording of action potentials before (Control, black) and 5 min
after stretch (Stretch, grey) in the atrium of WT (A) and Kir6.2 KO (B) mice. (C)
Summarized effects of stretch on the action potential duration. The action potential
duration at 90% repolarization (APDgy) was measured 5 min after stretch and given as a
percentage of the control value. Data represent mean + SEM of 4 experiments for each

group. * p <0.05 vs. control.

Fig. 6. Activation of the atrial K arp current by hypotonic stretch. (A) Original
whole-cell voltage-ramp currents traces of atrial cells from WT (left) and Kir6.2 KO
mice (right). (B) Glibenclamide-sensitive current densities at 0 mV in WT (n=4) and
Kir6.2 KO (n = 4) atrial cells are summarized. Values are mean = SEM. * p <0.05 vs.

control.

Fig. 7. Hypothetical representation of mechanism by which opening of K arp channels
acts as a negative modulator of ANP secretion. Mechanical stretch in atrial tissue
increases the intracellular Ca®>" concentration ([Ca2+]i) and thereby stimulates the release
of ANP. On the other hand, K srp channel opens when stretched and decreases [Ca24]i by
shortening of action poténtial duration (APD), which in turn inhibits the release of ANP.

(+): stimulation, (-): inhibition. (See text for details.)
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