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ABSTRACT Pulmonary hypertension (PH) caused by an idiopathic process or various cardiopul-
monary disorders is well known to be a fatal disease which is correlated with increased patient
mortality. Despite its severity and difficulties in treatment or management, the physiological basis
of PH has not been understood completely. The present study was undertaken to examine the
changes in ionic currents of pulmonary artery smooth muscle cell (PASMC), under the pathological
condition of PH. As an animal model of PH, monocrotaline-induced pulmonary hypertensive rats
were produced by single subcutaneous injection of 60 mg/kg monocrotaline (MCT). To confirm that
PH developed successfully on the experimental days (18-21 days) after the treatment with MCT,
right ventricular systolic pressure was measured as a indicator of pulmonary artery pressure. The
whole cell patch clamp method was applied to single PASMC freshly isolated from the main pulmo-
nary artery along with some intrapulmonary branches of MCT injected rats (MCT rats) and saline
injected control rats (Saline rats). Resting membrane potential of PASMC was not different
between the two groups in the current-clamp mode. Outward currents elicited by depolarizing test
pulse from a holding potential of —43 mV were remarkably smaller in MCT rats than in Saline rats,
using patch pipettes with 0.1 mM EGTA. On the other hand, when the pipette contained 10 mM
EGTA, the outward currents were almost similar between the two groups. To identify the compo-
nent responsible for the reduction of outward currents, the effect of inhibitors of K* currents were
examined. Nisoldipine (1 #M), which indirectly inhibits Ca’*-activated K* channel by blocking L-
type Ca?" channels, was less effective in MCT rats than in Saline rats. Tetraethylammonium
(5mM), selective Ca?*-activated K* channel inhibitor, was also less effective in MCT rats than in
Saline rats. In contrast, 4-aminopyridine (4 mM), selective voltage gated K* channel inhibitor,
was almost equally effective on both. The current density of L-type Ca** channel current in MCT
and Saline rats was also investigated using 1 #M nisoldipine. Ca®** currents were small in MCT rats.
Because elevation of cytoplasmic Ca?* concentration of PASMC is expected under the pathological
condition of PH, all these results suggest that elevation of cytoplasmic Ca®* leads to a reduction of
Ca?t-activated K* currents and Ca*"currents in PASMC.
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2.2 HEEEREDEIE

MCT g7 13 4B AEAE TRS5Z 18~21 HE®D
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Table 1 Composition of the used solutions (mM).

Normal Ca?*-free Cs™ Kraftbrithe High-K* High-Cs™

Tyrode Tyrode Tyrode (KB) pipette’ pipette”
NaCl 143 143 143 — — -
KCl1 5.4 5.4 - 40 130 -
CsCl - - 5.4 - - 19.6
KOH — — — 70 - -
CsOH - - - - - 110.4
CaCl, 1.8 - - - - -
BaCl, - — 10 - — -
Mg(Cl, 0.5 0.5 0.5 3.0 5.2 5.2
NaH,PO, 0.33 0.33 0.33 - — —
KH,PO, - - - 20 — —
{-Glutamate — — — 50 — 112
Taurine - — — 20 — -
Na,-ATP — — - - 5.0 5.0
Glucose 5.5 5.5 5.5 10 - -
EGTA - - - 0.5 0.1o0r10 10
HEPES 5.0 5.0 5.0 10 10 10
pH 7.40* 7.40% 7.40%* 7.30%** 7.25%** 7.25**

Solutions were titrated with NaOH (*), CsOH (**) and KOH (***).

pipette solutions were 144 mV.

" Final concentration of K* and Cs* in
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§—REE LU CHIFERE I BB E M T, R 71
* BWENC & > TEBACRBE 50 CHllaE & B
LR L BEEIREFN T — A (GQ) ¥ —NVIREER 157,
DB, BERWE % Ca*-free Tyrode #iE2> 5 normal
Tyrode WYV EEZ 2 2 Lic & » ¥ — VDR B
Lz, FHA—AY— VR L7 BRE TR o
HoOREBETE/ VA (1~3msec, 1.5V) 252 Tl
JAREEED, s—AL AR E LT, EREAOBIE
current clamp mode YN &EZ 5 Z L k- TT, K
EIIT voltage clamp mode TESR L 7-. @BH O
RSN h, MIUERABLHEET 20 EERER
ZHIE LT, EEKARI voltage clamp mode TF
FFRAL 0 mV 20 & FFFEFREHE 30 msec OEABEL OV
A% 10mV iz, KL TES R —8EDR
ENFTEEROESME (BWE) 2EE VADKE
STHRLUTEH L. 2722 TCOERBRE 37CTTo7.
BNl DAT va—4—(RD-120TE, TEAC)
% BT digital audio tape ICEC#RREEL, BALL
EERIZ 1 kHz D — 3R 7 4 vy — %58 L AD ZHags
(ADX-98E, Canoopus Electronics) iz &k ->T 2.5 kHz
TT VI NMEFICERL T Ui, 2 O
o=y Fnrara—s— (PCISXA, NEC) #H
Wz,
2-7 HERAAEE & UHEREShE

B ORI UMER U2 g (BENE), M
ROt (BEFE) & Table l KR LIt B ERTH 5, &
BB X R EBROBEE W E, WK high-K*
pipette ¥, #M#& 1 normal Tyrode ¥ % Fv>7=. Ca?*
BROBEZ I, K ER2IH52HKT, WKL
WA D K & Cst TiEHEL 72 high-Cs* pipette &,
Cs™ Tyrode ¥ % &% Fivy, SHEICIE Ca** F v A&
EPEOEV 10 mM @ Ba?* %12 TEREEEL 2.
BEREFMNC B 2 B L ERE & ORI junc-
tion potential SEU 2728, H 5 U ZOEEFHHE
L, £BHROES T —3mV, Ca*t BIROERTIE—
6 mV OIRMIBEMZEIELZ#EE LT, BRIz LE.
2, WRRCH T 5B FEAIS1E, normal Tyrode
WEREDER PIHRMUIERHWS Z & Cfrol,
2-8 ¥ El

FRLUL-EZEHFILLTO®ED TH %, Mono-
crotaline (Extrasynthese), collagenase (FIYEHtis3E T
#), 0, 0'-Bis (2-aminoethyl) ethyleneglycol-N,
N, N’~-N’-tetraacetic acid (EGTA) (EM{ZHEI¥#urge
Ff), 4-aminopyridine (4-AP) (Sigma), tetraeth-
ylammonium (TEA) (F0%#f 3 T %), niflumic

RAREE -

HHRHA HLBREESE

acid (Sigma), nisoldipine (Bayer).
29 #% &t

B o N EIRPE TR TRE U, M5
WEEZIX, BRR—BAMCBT2EFORERIZ pair-
ed-t E%, 2HEOE. EEE, RUR—EBfcs
\J 5 BHAE L unpaired-£ ME R, FRIEEEALL one
way factorial ANOVA (Fishers PLSD) %, 2 #ff
DEEFNC & B3R 12 two way repeated measures
ANOVA ZFRWTHETL, PEZ0.05 X D/NEnEE
boT, BEEDY LHEL.
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3.1 HEUEEE
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TLTHD (Fig.1B), MmMILEEDRETH 5 fiifsimn
FEH, (Prvs/Ps) Offiiz MCT B TEER FE2FED
(Fig. 10), B0 & L A, MCT#® 5%
18~21 HH I B F 2 FiEi kT ORIy LH 1w & 2 fiig
MEE DFEDFERR S L7z,
32 EESAE

FEEBAIZ e, SvF ooy IR B
BEEERE BT, EiEshz PASMC OEER
BREZHE L., BEESAERIL Saline & MCT #E-
ORICEEZ 2D T (Table2), MoK 312X
EBhwEEz oni:,
3:3 EREFIFEOLEE

MCTEf L Saline ECEERR 2B T 279,
voltage clamp mode TERE&EkL 2. EHIicBW
TEBROEERIZHITH current clamp mode i & 5 %
R EMORERETTo72. BT normal Tyrode ¥
WEL, EMMPNEIE high-K* pipette I8 T EGTA %
I0mMEARZDDRR W, BfFESNBEEMI,
Table 2 2R3 HIC MCT B L Saline B L ORI THEE
ERERbiiroiz,

BAUEEEROBM I PO 2 ba—id, %
FTHREM P2 —43mV ITEEF L, % 2o 5B 300
msec DEE/ VA% 10mV ZEIZ—113 mV »s+27
mV OFFE TNz, 2SVAX 10 8EE5 2, HfE
DEHEEHET/-, Saline F, MCT HEX CBUI5L£E
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Fig. 1A : The average values of right ventricular
systolic pressure (Prvs). B: Change in sys
temic pressure (Ps). Prvs was significantly
elevated in monocrotaline injected rats
(MCT, W) (n=15) than in saline injected
rats (Saline, [J) (n=15). Ps was
significantly lower in MCT than in Saline.
C: The average values of Prvs-to-Ps ratio
(Prvs/Ps). Prvs/Ps was significantly higher
in MCT. Data are shown as mean+SEM.
P<.01 vs. Saline.
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&, FRIB[EFEL oL D ELEEFER LD,
B _ESBD OESICBY 5 EFH % peak current (Peak),
IV A DR TERIOEH % pulse end current (Pulse
end) & LT BB B 3 BIRBL R 27 (Fig.
2B, C). MEEMEAEEL- D OBREYHIZ BT,

EESEED-VOERE (BHEE) *EHLTH
Wiz, —43mV & D RAEEMEIC B 2EREE
Saline # (n=33) kL MCT # (n=30) TH#E
TLEMER L, HEMENEEZE I Pulse end
D—13mV KU —3mV BALICBWTDAZED T (Fig.
20), RRFEMIDASEBA VA REZ2E, bT

PRAREBERSTD 6N B, I OERISHIFREIC
HRRER P oT.
P CERE S AR S I, & b B

K* F v 2V OMEETH 2 4-APUmM) Z LV EE
wilglzn (Fig. 3A, B), #0O3BRRIEEHECEES
BERWIiro7z (Fig. 3C). fE- T, AERICBVTK
2L 72 PASMC 213, fekOmEmEO 1 BALK
FE KT F v 2VHBTEET 5, ZOEREWRIE PHIR
RICHERZIRWEEZ BT,
34 Ca? F v RIILEROKRE

MEFHFHO Ca?t F v 2AVERISHEANOSEEE
A VBRETCIRINEL, EEFHhEREETH
320 %77, PASMC @ Ca*t v A NVEREPIES
BCHEET B0, FRCARNZEL©, KFE&i%
ME L 7 ECHiEsgIE 10 mM @ Ba*t 2h0z, 20
Ba** #% Ca’ F v ANV 2l Y 5 BICFERT S 5 NA
EBRE, Ca* F oA VEBRELUTEHEL ., BHHE
AL —86 mV 2 & FfeiRefd 300 msec DR/ SV X &2
100mV Z ki =76 mV 5 +54mV O&EE TNz,
—BEORNME S B2 L2, dihydropyridine &
Ca®t 7 v A NVHEPIFE T H 5 nisoldipine (1 M) %#
595 WM EBREIE2 RSz, ZOHHE S
WA EERBS % L8 Ca?t F ¥ 2VEREAEL,
nisoldipine # 55 DERECHD & RSB OEBR IR
subtraction L, nisoldipine B3 Ca® F ¥ 2V EH

> 13,14)
— ’

Table 2 Resting membrane potential and cell capacitance of single vat pulmonary arievial myocyles.

resting membrane potential (mV)
EGTA 0.1 mM EGTA 10 mM

group cell capacitance (pF)
Saline (n=79) 30.6+1.8
MCT (n=57) 31.4+1.0

~48.5+1.8 (n=46) —46.2£1.3 (n=33)
~48.24+2.3 (n=27) —48.7+2.6 (n=30)

Saline ; saline-injected control rats, MCT ; monocrotaline-injected rats.
recorded under two different EGTA concentrations in pipettes.

significant differences among each group.

Resting membrane potential was
Values are mean+SEM. There were no
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Fig. 2 Whole cell current recordings from single isolated myocytes of pulmonary artery from saline and MCT

rats.

Currents were evoked with 300 msec voltage steps to test potentials between —113 and +27mV, in
10 mV increments, from a holding potential of —43mV (upper panel in A).
ings from saline rats (Saline, middle panel) and MCT rats (MCT, lower panel).

A : Representative record-
The outward currents

induced by depolarizing voltage steps reached peak amplitude (Peak) rapidly, and then slightly declined

to the pulse end amplitude (Pulse end).
Saline (O, A) and MCT (@, A).

B, C: Comparison of the current voltage relationship between
Peak current (4, A)-voltage relationship and pulse end current
(O, @) -voltage relationship were shown in panel B and C, respectively.
pressed as current density to normalize the currents to the cell capacitance.

Whole cell currents were ex-
Outward current density

was suppressed in MCT at each test potential between —23 and -+27 mV, but statistically small only

at —13mV and —3mV potential in Pulse end (P <.05) (n=233; Saline, n=30; MCT).

All experi-

ments were carried at 10 mM EGTA in the internal solution.

LT, ZOF#0E Saline & MCT BRTHE L.,
MIEEIC B 1J % subtraction DFER (Fig. 4A) &, #h
Wik v—rBROBEREEREOHE (Fig.
4B) 2R, WEMIZBWT, Ca* F ¥ ANVEROH
B (—26 mV (J3f), mAERES 2 2B (+H4~+
mV D) KELRERZRWVD, Cat F ¥ ANVER

PEE s N 2 28EOEMM (—26~+44mV) 2B W
TMCT BOBREE /NS BT,
3:5 EGTA 0.1 mM £G4 THOEREEFEDEE

PASMC iz, #HIPI Ca? O FSIz & D LS
% Ca® k15 K¥ 5 v ZIVHMRE ST 5 1316)-28-30)
TEBADO EGTA 2B U (0.1 mM), HifgA Ca**
» JZ D EHNCEH LGSR TCEREERL, Wi
BPHIES 5 Z Lg%, %9 current clamp mode T
EGTAO.1mM &H T CORILBEEMN 2HE L 2.
Table 2 o R & 512, MCT BEOENIL Saline Bz
B AEEM L IZIZREOMEEZRL, WMEHCEERS

PEDIhole, EGTA 10 mM &gk s ni- it
DEBMEEHLE TLHETHELLZEBRTY, B8
EEREDEMoT, EGTA 10 mM & TfTo70 L [E
ROV Z 70 b a— )V TRES N BEREER, &
EGTAEE DL MT, Saline £ T Pulse end, Peak
tebE EGTABESMHTI D RERAMEERE

.mbb 7oL, MCT BBV Tid, M EGTA Rk
ZETTeRELEMERD o7 (Fig. b5A). &
EGTA BELMAT O Saline Bt MCT B ottt
I, AESERL2BEELLTRTCOEMEREL T,
Salme BTRETEREERPEL, W2 EREY
o 7: (Fig. 5B, C).
3-6 FIFIFEONRXERICHT 2L

RO I &L, MCT#5 3{&EGTA &4 T,
PASMC O} a X B BB SW 2 LE 2 S5,
O PHRET B3 2E MBS, EGTA 2EiEE

U T Ca?t EE 278 LIRSz nZ &

-
[
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2pA/pF ‘__
50ms
(pA/pF)
15 W
10 1
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T
-50 1
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*
5 -
0
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MCT

%inhibition of control

-100-

Fig. 3 Effects of 4~-AP on outward currents in
PASMC. Current traces recorded during 300
msec depolarizations to +27 mV from a hold-
ing potential of —43mV before (Cont) and
after application of 4mM 4-AP (4AP). A:
Representative recordings in saline rats
(Saline, left trace) and in MCT rats (MCT,
right trace). 4-AP decreased the outward
currents in PASMC of both groups. The
pipette contained 10mM EGTA. B: Out-
ward current densities at Pulse end elicited by
depolarization to +27mV before ([]) and
after (M) application of 4mM 4-AP were
compared between Saline (n=6) and MCT
(n=8). Outward currents were significantly
inhibited in both groups (*P<.01). C:
Inhibitory effects of 4-AP were expressed
as % inhibition of control. The inhibitory
effect of 4-AP were not significantly different
between MCT and Saline (N.S.) .

5 Ca IKEHEBREEZ o, 22T, Ca? #kFEH
K* F v 3 VHIRIEEDS, s ERICE 258
BrMET Ui, Ca?™ IR K v ANVER ) K
32 EEAIIEE E LCTEA 6mM) %, %7
dihydropyridine B M Ca?t F v FIVERIZEIERIZ
Lica CHDPRBOTHFELTVE I LBHEINTE

JilF S LR b2 £ 5 IR A MR 1 4 > O KL 207

N2, Z OFEREIHEETH 2 nisoldipine (1 uM) %
BEL, AESBEROZEEE L, EFEN—43
mV 5 FFEERFE 300 msec DEE/ VAE 10mV &
12—33mV 25 +27 mV Q&I TIMAZT, BROmED
B BT A sBREOE E, ZEEOMEN
WEGTA BELEMFT I, HEAIETHSRL /2.

Fig. 6 i EGTA BE AT, +27TmV EMICE
V> T nisoldipine DS FIRIZ G I NI SHAZERD
ERGE =T, EGTA0.ImM 4T, +27mV
BAITO Pulse end BFEE I nisoldipine D51 &
Y, Saline BETERBEDOARE MG 2 R0, MCT
TR H V& $ (Fig. TA), nisoldipine ®#I%|
MROZERTHEMTEE (P<0.01, Fig.7B) Th-
7. HEPRH% EGTA 10 mM £ F T3, nisoldipine
D5z X 0, Saline FECEIEE O & 26 7niliH %
Rieh, MCTETIRIELALELET (Fig.74),
nisoldipine OMFEIFIR M CEEEI RO dShi:
(P<0.05, Fig.7B).

TEA oW T b [ARFOMET 21Ty, EGTA RBEEMH
b ST, MCT ErBnwi b BRI RIS HE
a7z (Fig. 8). L»L, TEA B5HiBOEBREED
Z4ix, +27 mV BAICO Pulse end BIREZE DY
Y LTHET 3y, EGTA 0.1 mM &4 Tz, Saline
HTLDRERBEYE2FD (Fig. 9A), MCT Fixi}
WA HE L T, MHR e TEEE 2R
7> (Fig. 9B). #MEMNE EGTA 10 mM £&# T T,
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Fig. 4 Ba®' currents through the nisoldipine (1 uM) -sensitive calcium channel. Currents were elicited with 300
msec depolarizing steps to test potentials ranging from ~76 to +54mV in 10 mV increments. A holding
potential was —86 mV. The pipette contained 10 mM EGTA. A : Representative recordings from saline
rats (Saline, middle panel) and MCT rats (MCT, lower panel). Nisoldipine-sensitive Ca?* channel cur-
rents were obtained by subtracting currents in the presence of nisoldipine from those in the absence of
nisoldipine. B: Comparison of the current voltage relationship between Saline ([J) and MCT (H)
groups. The current densities were significantly small in MCT at test potentials between —26mV
and +34mV (*P<.01), and +44mV ("P< .05 (n=7; Saline, n=9; MCT).
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Fig. 5 Current recordings of single isolated myocytes of pulmonary artery at 0.1mM EGTA in the internal
solution. The pulse protocol used in this experiment was the same as described in Fig. 2 (also shown in
the dpper panel in A). A: Representative recordings from saline rats (Saline, middle panel) and MCT
rats (MCT, lower panel). Outward current density was much greater in Saline, than that in MCT. B,
C: Comparison of the current-voltage relationship between Saline (O, A) and MCT (@, A). Peak
current (A, A)-voltage relationship and pulse end current (O, @)-voltage relationship were shown in
panel B and C, respectively. Whole cell currents were expressed as current densities, Outward current
density was markedly small in MCT from —13mV to +27mV potential in Peak, and from —23mV
to +27mV potential in Pulse end (*P <.01) (n=46; Saline, n=27; MCT).
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Fig. 6 Effects of nisoldipine on outward currents.
Current traces recorded during 300 msec de-
polarizations to +27mV from a holding
potential of —43mV before (Cont) and after
application of 1M nisoldipine (Nis). Rep-
resentative recordings at 0.1mM EGTA
(panel A) and at 10 mM EGTA (panel B) in
the pipette solution from saline rats (Saline,
left traces) and MCT rats (MCT, right
traces). The inhibitory effects were observed
to be greater in Saline than in MCT.
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Fig. 7 Comparison of the inhibitory effect of nisol-
dipine on outward currents. A: Mean out-
ward pulse end current densities elicited by
depolarization to +27mV before ([J) and
after () application of 1uM nisoldipine
were compared between Saline and MCT, at
each EGTA concentration. Outward currents
were significantly inhibited in both groups
(*P<.01) except for MCT at 10mM EGTA
(N.S.). B: Mean inhibitory effects were ex-
pressed as % inhibition of control for Saline
and MCT, at each EGTA concentration.
The effect of nisoldipine was significantly
smaller in MCT than in Saline at both con-
centrations of EGTA (*P<.01, "P<.05).
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Fig. 8 Effects of TEA on outward currents. Current

traces recorded during 300 msec depolariza-
tions to +27mV from a holding potential
of —43mV before (Cont) and after applica-
tion of 5 mM TEA (TEA). Representative
recordings at 0.1 mM EGTA (panel A) and
at 10mM EGTA (panel B) in the pipette
solution from saline rats (Saline, left traces)
and MCT rats (MCT, right traces). The
inhibitory effects were observed to be greater
in Saline than in MCT.
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Fig. 9 Comparison of the inhibitory effect of TEA
on outward currents. A: Outward pulse end
current densities elicited by depolarization
to +27mV before ([J) and after (M) appli-
cation of 5 mM TEA were compared between
Saline and MCT, at each EGTA concentra-
tion. Outward currents were significantly
inhibited in both groups (*P<.01 or
'P<.05). B. Mean inhibitory effects were
also compared as % inhibition of control
between Saline and MCT at each EGTA con-
centration. The effect of TEA was
significantly smaller in MCT than in Saline at
0.1mM EGTA ("P<.05) .
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