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MEERHIEINC T 2IEBNBERIEF N U Y LA A4 > (Na) DHIERN~NDFHEAICEL - T
FELELTWADTHIIENMED Na 2Fp< CEBTEL L5, LA L EBHTOEE
B FEICHIN Y LAFd v (C)ZRFBLTWEDT, ZDITIE Na OFREHE-T
W I ENHEMEN D, £ DFEH TIEIAED Na BEEZR ST ENEALI T &
PYHN S A1 F 7 INFE IS Ca IREEDIEINAMEE T 5D T AN Na EBEDRDIEE
SO DOBETHIIAN Ca BEA ERIE5IENEI 5N S, SFEICE > Tid ke
M Na ZRAHHT Na K27 240Kl9 % ovabain THLEE L CTHIKIAN Na EREABEL /-
E XL FET DTN S DUHEICIE Na DR AFIF L CHIREA Ca
AR~ A 9 BEE (Na-Ca SPGEEE) 23RS L T\ B BTHEMED B 2, HEIC . IME T
W B W T AR OEEERUC X 0 HIFENA D Na BEEAREOMET L. Na-Ca ZHuE
EOWEED 7R B CTHIEN Ca BT /oD EIMEIZ/L 2 EV S Fh I CEB S
TWAH" Y L LANED Na IREEZHS Lo s & OPHEZ AT L Na-Ca ASHaBFE
I LIcb 0T Mk Ca IREDFERICIE ATP W Ca &KkAHT Ca A
TOBEAERT HEA S > TV FEHICK T 5 Na-Ca SHBIEOESEIL £ /200K
THEWHbH L, HMERD Na ZERW7o L DI Na IFE) IS I3 2> h D& - 723878
MBS LTV B E[EEHD S D F 7o Na-Ca REGEFEDORS OREE bIEHICL > TEK -
TWBIELEZ NS, Na-Ca ZHLBETIE 3 D Na A% 1 D Ca EXHIT 27
WIS DERODZEMN S Na HEIEN 2 HBINERITENE LI b, 2D &%
FIFE L COO AR Tl BEIC C OREIRA T X 1. © Na-Ca 3SHaBERA VLM D HSHE
IO EEERECHEEI TS ZEMPELMNIINTE TV S, ERVEEDHZIC
BOTHA I FEBHICHBNTH Na-Ca REERZINET 2 LIS L. 2 DHES &
SFEEEIHO NS B LN TE L, ZORERDICELFEBHOMEEIC L Na—Ca &
TBBOETE L RIS L » TR COIEE N L TIEO S D155 LiEiwas n b, &
FFZECTld S 51T Na-Ca sSHREHRE 0 Na IR E ORIRA BT 2 SdLiC SEN S Na
ZhrE LIS a0MEN pll OZLEINHEE DBIEIZ> W T LI B,
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HRRIIRR O EERICIE LT v b OFFEIR. T AFEIR PR, 6 L ORROFMRDERY]
B(h # 1.5 mm. B 5-10 no) % AW T HRIEICR T AR 8 Ui, it i3/h
WA I ZEG 1 nl) OICED (i XY 27 R TEFAWTS nl/nin BEO—E

FECHERR LT ERA RO TH 5018 & b 1 RIS L 7RI EERZ s L7 Na-
Ca ZHGBIRIZ & 2 A F~ 5 HEI TR Ca T+ R IVEZ WS 5 verapamil ffif
DED ) IVT KU1 OIS & 2 IE% A % phenoxybenzamine. IMEPKA 5
DEEEYIE (EDRF) OFEAE A3 % nitro-L-arginine. B L Na R T DFAEFITH
% ouabain ZMIA 72 FCTERBREITT -7,

Na-Ca ZZMEERE TEEINARBEREIFZROMNRS S 3 5 7 — AR CEEE L 7ol
AZHWT Wb 3 whole-cell clamp #:CitskL7c, ZORMMBRLNDERER (KE
GIIRTANE Ca BLU K F+ . Ca IREVE K F 4 1)) ZRN D EBHEEWT 5720
verapamnil. tetraethylammonium ZKICINZ . F72/ ¥y F7 57 v THDE 4‘"113@!7\](&6;
CsClEAWz F Tz Na BT EN L TOEF A INEIT 2 729H1C ouabain ZH W,
[OFEERT Na F+ R ILEMENT 5729 tetrodotoxin (10 pl) ZAMEICINA 72 H Y BARE
WEEIHETEXEh>/DTNa F+ 1RV ERILVSEMIMHETEL LD LEEZ 6N
Foo BEEEAIIE 40 mV (CHREF L TERDIHE (T - 7o, Na-Ca KRBT IFEZBHD
& TS Ca A MA T HEIZERO L =1d Na 2MIEAMIMA ST LIk ->T
FEHEX T,

FOREIMA pH DRIEEERIC STIEy bOPIIRDERTIA % RIW Tl ICRRSZHEE b
SR (dlmethy]carboxytluoresceLn. e ,CF) 7 HHRITHL D 3A & T R D IR X
R 7 NIVERE = L F R S KRBT TRRE L7z, MET 5 ARy hOKREZF
B L5 mm THo7/e ZDOART LD 510 an & 470 non DFEEICH T B BSEED
H(510/470) 2 HBIERRERZ K21 UCHIREA pH AR 70, ol OIIERIFRIE nigericin
ISk - CHIRIED 0 A A > OBEEVEEED IREETHED ol ZZLS ¢ Tk,
I 3G oA 5 2 OBED 515 2 EHE (G 10 & 100 ™ 2 ) IS REEICHD 57 .
HURE pHOZEAL L BRFIFEAH: & A R ICEEER L7, aAEEIE 3 nl/min O—EERE THE
L7,

IEEHE O (M) (X NaCl 127, RHCOs 6. CaCl, 2.4, MgCl, .2, glucose 12,
Tris-huffer 10 (pH 7.4) Td -7z, SED NaCl %< L X232 DEEFELOD
N-methyl-D-glucamine CI (NMDG) TiER L 7cAHY.0 Na INHHIC DWW T choline CL #
sucrose Tl =2 T bAENNIZRIFEOFERNEF S e, FEBRIE 35°C TIT-7,
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1) Ouabain DR

EEOERNS Na 2B EEPANSEFVIHE0 Na INAE) DSRAE L7z, $HIZAD Na
IMEA LT Na ZBRWVW/CBED Na-Ca RELEREDORGZKE T 57cH.Z D 0 Na
INHEDFEERIE ouabain (50 uM) DFEFTIT-7, Fig. 1 1IR3 X D12.0 Na J¥HEIZ
verapanil DFLE FTdh > T ouabain THUEESG 2 &S IREICEH IR L TET, 20
SOMET 0 Na [NfEA#EV RLEESE 2L BRIBETIRIE—EICELL, 0D
& ouabain DM L » THEIRH & OPIIRK TlLBRIRIEDINFEOIREISFEAE L 0 7E
DIEKEZICELLDTRFEIKTIE 0 Na IFEDHKIZAH SNTH FRIERINIGEN S
HELHIZTFED T, MBS L UFIPRTIZZE  DIFE ouvabain FFE FTHEOEL
0 Na [UMEA R € 5 & T DEIERENREICEL WA HAREER LT

Ouabain
Verapamil
A Phenoxybenzamine
N-nitro-L-arginine
Portal vein //\/

0 Na

B

Vena cava
‘F’A\ 3mN

Fig. 1. Potentiation of 0 Na-contracture with ouabain (A: portal vein;
B: vena cava of guinea-pig). Na was replaced with NMDG. In this experiment,
ouabain (50 gM) was applied together with verapamil (3 uM), phenoxybenzamine
(3 uM), N-nitro-L-arginine (20 uM), but a similar potentiating effect was
obtained when ouabain was applied after pretreatment with these drugs for more
than 30 min. Preparations were exposed to ( Na solution for 4 min at intervals

of 20 min.
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2) Na BRI & UG & DRGR

i L fcimlan S8y 775 L TETREES NS, Na-Ca HRBEOEMEALICE - T
FET B LEEL LN LEERITHIEAND Ca ° Na OBEEAREZLE E/cBRICH
NEEH # 30 WTEARIGEL.ZOERBD LT/, JDicdH Fig 28 ISR & DI,
Aitic Ca #5ATVWAER%E 30 05 2 ANEME L THLAREBHROKE =¥
B S EOREVEADRASNIEN -7, LH L0 Na HEDHIF 10 FIEEE T
12 Na P$EDOEREINEWVEEKRE (-7 (Fig. 2 B)o F 7.0 Na INFEDEIEIE Na B
FOERIAE C THIEFICE L T DOIFEI: Na 2RS35 F TR L7

A
Portal vein
- S~ __J/P\\\\__, __//ﬂ\\\n\Ji?opA
- - N
Ca 05 ] 2min
1.2mM
B

a Pulmonary a”fii//—_Q“‘*‘-___J//-_—*—\\ﬁ

ONa 05 T 2
\4//\“\\\4///’~\\\FmN
4 10 min

ONa 05 1 2
~__//ﬂ\\\\\_‘d//////—\\\\]%w
4 10 min

Fig. 2. A: Na-Ca exchange currents recorded with the whole-cell clamp
method in a single cell freshly dispersed from rabbit portal vein. Membrane
potential was held at -40 mV and the current was elicited by applying 1.2 mH
Ca to bathing solution at 10 min intervals for different durartions (0.5 - 2
min), as indicated byhorizontal bars. Upward deflection indictes outward
current. B: 0 Na-contractures induced by perfusing with 0 Na solution (NMDG
substitute) for varying periods (0.5 - 10 min) at 20 min intervals in guinea-
pig portal vein (a) and vena cava (b).
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3) Na fgEHICHE T 5 Ca DEEKS

Ca zEF LWV 0.1 ol ECTA &) THEFR L<HIC Na 2B < &L 0 Na [UFED K
T X3 Ca BREROFEEINEVIZE/NE RS S 72 ZFDORVDIEF IZE 10 BT
h o> ThHAEEDOIWFENREAE L. TDOWEOEREE I FHIETdH > 72, Ouabain
Ik > TRELESEHOIKES Ca 2#RWTIMA 7% T Ca (2.4 )2 BHiEE5d 2L
BCDIUNFENEZ > T 50, Ca DFREG LERKIC Na 28 EEVEBDINFE
A o7z (Fig. 3)o Na 2% 5-10 SRBRV/%T 2.4 oMl Ca 2EBEET 2L, Na 2
TFIEELIBWIKET L. Ca FETICHIT S 0 Na L HE O EN L S A E WY
MEARITIENTE.COWNAE Na AFEELLWE Ca 2R\ TidEE L
Matie 2F D, Na ITIRF LW Ca DIRAICL > TRFEAEE I DI D Ca AL
verapanil TEBINEWERBRAN LI THEEEZL NS,

Fig. 3. Contractions induced by readmission of 2.4 mM Ca in the presence and

absence of Na (guinea-pig portal vein). Perfusing solution contained ouabain
(50 uM), verapamil (3 uM), phenoxybenzamine (3 M), and N-nitro-L-argenine (20
uM). 0 Na-contraction at the beginning was the third response after ouabain
application. When Ca was removed EGTA (0.1 mM) was added. NKWDG was used as an
Na substitute. Note a large contraction induced by Ca readmission and no

recovery in the absence of Na.
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4) Mg A A & BHEITER

Aigthod Ng IBRE(1-10 ni) 24 & Fhikic 1.2 ol @ Ca ZINA THRAES €7 M
XD Na-Ca ZHMEBH.DFVABED Ca HLUABED Na B ZIdBI o 0TI = 41,
- O ETEEITH - 72 Fig. 40)o LA L0 Na ILEEICK L CTIRANERD Mg IRFEZHE
U bIEEIC O IEIER LAVRE 70 - 72 (Fig. 4B)o S ORISR T RER T THIK
D Ca 2BV TWNTCa (2.4 nM) #5250 &ERERHC Na 2BV TRRETRES €7c
2.Ca EEFTO 0 Na INFE IS Na A B (B RV E 2iTid Mg ICL BRRIBEE
Mo tooFig. 4B Dk S Na A< 10 DEIN S Mg AL TOTH, Na ZFRC & &
715 dg DBEABLTH. g OIFHRICAERA oML -7,

A 10 mM Mg
‘—/\‘ k]100pA
1363 _d L_J Tmin
10 mM Mg
N AN

Fig. 4. Inhibitory effects of 10 oM Mg on Na-Ca exchange current in rabbit
portal vein (A) and on (0 Na-contraction in guinea-pig portal vein (B). Out-
ward currents induced by external application of 1.2 oM Ca under the condition
in which the external medium contained (0 Na (NMDG) and patch electrode
contained 30 nM Na, 0.2 uM Ca. Control bathing solution contained no Mg and
10 oM Mg was applied 3 min before Ca application. 1.2 ull Ca was applied for
30 sec at 10 min intervals. 0 Na-contraction was evoked by applying 2.4 ol Ca
on simultaneous removal of Na for 1 min after exposing to 0 Ca (0.1 md EGTA).
In the middle record in B, Mg was increased from 1.2 to 10 mM 10 min before
and again returned to 1.2 ol 4 min after, Ca application. Note weaker effect

of excess Mg on the contraction than the current.
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B) Na PR3=iC & 2HIREM OEME(L & IRTIFEA

A Na % NMDG & % U 0i& choline TEMRT 5 & (Cl BEIZ—E) HMERIZIKRESIC
BEPE IS 2 .15-200T pH & 7.2 25 6.7 ~E{ETF L7, LA L.NaCl % sucrose T
B LT Cl BELREFICERDEE S & HEBABELDOERIEE5< ol 1E 6.9-7.0 &
FEICUDE T LIshy - 72 (Fig. 5A)JIC03 DIFETFTHMED Cl1 7217 % gluconate 78 &
THEERT L SHERE T VA ) ITE O T MRA pH FEIRICIE C1-1C0; %
ML bDLEELTVS ZEATRMEEE N sucrose € Na ZEH L 7c & 2WBHELA5S
WO IEIET C1 BELED L7c/odd CI-NC0, RHEBEANIMHEHE NS &L bD
TN D,

Al 10 oM @ propionate P butyrate W EDEEMA 52 2 & HIFEALTEMEIC7S
L ERICWHENRET B, £ TL0 Na UHEICIZMEREN O THMHAL LRSS L TW 3T]
FEMLEA ON S, LA L0 Na IXiEICiE Na OEBEPEE LT NIDG ZHWVWTH.
sucrose FFAWVWT L AEILEITA SNV G LA sucrose DIBEDHANKE L
R R LoD T(Fig. 5B).0 Na IXKEICXT T 24EMA pl OFEIEITF LD EEZ S

N5,

A PH
75-

— e

65 sucrose Choline NMDG Sucrose

NMDG Sucrose NMDG

———

Fig. 5. A: Changes in intracellular pH caused by Na removal in guinea-pig
vena cava. pH was measured with Me,CF. NaCl was replaced for 20 min with
sucrose, choline Cl1, or NMDG Cl 1isoosmotically. B: 0 Na-contrations using
NMDG Cl or sucrose as an NaCl substitute in guinea-pig vena cava. The first
contraction was the 2nd response to NaCl removal for 4 min after addition of
ouabain (50 uM), verapamil (3 uM), phenoxybenzamine (3 M) and N-nitro-L-
arginine (20 gM). 0 Na contraction was produced at 20 min intervals.
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4. BE

F Rk © B U 7o VA 3 W TR D Na © Ca DIREEAACE 2L
X7 & X whole-cell clamp TSI N AEERIZ. T DEEMKGFHLEDER
FEEE?%‘EEEﬁ“ADﬁ%TW%% NTW3 Na-Ca HRERY ¥ LEILTHBEDT DI E
L O OEBIRIC bNa-Ca BRI FEELTVWEEEZ OGN D, TNT GEHWVWE
WE Y FOBBOMEERHICE TS 0 Na [fEICd Na-Ca AZHGERZ /N L 7o #kEA
A Ca DFRANBES LTV A ETHEMEA B WA Na—-Ca IR OME L 0 Na INFED
PEE & ORI 2T L GBS A o hish -7,

Ouabain THUET 2 & SFTHEINTLAS LY PP MKEA Na BENEE -
TNa-Ca THUBFEDREAKE 185720 0 Na IR HEHICHREN TS 5, Ihe
S IEIIR-P PR T 13 88 1E5R 7 bR LT < A A3 FRFRIRIC I W TR C OIS IER
CHID > 7o D& D EE FRFHIRCI o MEICHE~THERICE TS5 Ca A>T
12k BN Ca DF A LBHEOMEED FRIc KEW I &SIk b b LHEMIE 5,
o ME ORI & > THIRN Ca IBEOHEIMIE~D Na-Ca ZHLBEORES DR
FEICEDH B HDEEZ SN B,

Na-Ca ATHREFHRIZABIEZ DBETH NEZDHETH—BMW T, 1-2 3 TIFEIT/N
ELB-TLED A4 v OBEARINEEEBRICK > THABEERICE > Th.
BIEFIL LIS LD L. DX ICHELT 5 E13EZIT WO T Na-Ca HREDR
ANE R BDIE Na-Ca SHERED RNEHALIC X 2 FIREHENEWE B 5N EH. D
FUCBAL Tl & 5ICHETT 5 T ENWETH 5,

—77.0 Na WHEDF7 13 Na-Ca ZHABEFICHEL L T L 0 B P I IFRIEE TIEA L.
Lo bEHETH D BIELEVEVWHIHEE L - TV, INLDERFSH HIEE. B
(3 L o, IR RO SR TH 2 TR L TV A DT, T o Ol
NESI < 12 0 2 SIS DI EUERRE DE WIS & 5 D HEINE WAL DS < & HIEDS
FHENITH 5 DIFZHNRIC Na 2FEAE LI WIREE T —BIEN L 7 MM Ca BEIZE/D
TEWI kB bDEEL NS, 2 VHIEA Ca BEAETEE288IC Na
KEFED LD (RS < Na-Ca HEBB)NTFELTVWBEEWVZ B,

SIRD Ca ZFRWZRT Na ZFRWT 0 Na IUFEZ S C 9 & .Ca BREDEEINEVZ
E 0 Na IWEIE/NE RIS B 05 008 0 e S IERIEGE T LvEDE 9 .Ca 20T
10 RE - BT OO O BFHGHISINERZ R T ENTE 5, Thd MFERIM
NOCa ZBEC T EDHEL Wbt d 3 A FUE 0 Na ILARICHIIEA Ca OJigthABAS L
TWB I EICLZONIEMETI WV, B3 U IME RN T ovabain MLEE L 7o 5o
FClE Na-Ca SHGEIECIHA L7: Ca ISk - THINAR Ca ASBBEE N2 2 EAURME X
NTW3EY, Ca LIS Na HBERWTHLETD - T Na ZERZ=HAKEA Na BEZED S
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HICEELONBEMNT Ca 1L EEATH FUREOEE TAE WIUFEL RAES
ZC&ﬁT%KOCMB@F%@N&#FELHMH%THCa:4?5%%ﬁ@ﬁ@
D L TV BEMREEDE A S b, TILE Yy FOBEHOEB] HWT.K BrEig
TEREIE L CHIEMA Na ‘%r‘”f‘fvm&ﬂ:hﬁﬁ?ﬂr& Na # k&< &%H]H’E’E@ﬁ@’f&tb‘i%
TEDAHSNMNEN Ca REAIMT 2ERTHEEEIOSNTNS!Y | AEEBRC
Ao Ca E@EEOIEMAINERBEINCE L LD TH AMEIDBEED E 2 2 0FE
TSV, Na WHFELIMWE ED Ca FHEEIC L - TR O L/ INKFEIE verapanil DIFETE
TTOEERTSH 2D T, ZOWHEIT VDWW BIEERIKFIED Ca F+ 2 ILEN L7 Ca
DW|MANZE S HDTEHILWEHENENS, 5% X510 Ca BREETO Na B iR
EIHFEORE S EORRISEEFEL (TN D Ca RAFEEDHEA I S A4 204
BH Db, 70020 Ca AN BRZBREREEIC O W T HBSEESMICEE LT
et Ui hid s o s,

Ny FU T U TETIREREN DS Na-Ca 3SR & 0 Na IUE & DBV A KD g
LA Lo & & RO T Na-Ca SSHEBIRICEE~NTIEE ST < LIS E nsn
&ubENTma,gmm%%%iﬂ@@car%mfﬁmfmawﬁiéﬁﬁKCa
TEATEI LI LT b5V, TOIUEE Ca DFRAICE > TR > TW 3 T.
B EIFE~D Hg DHIHEISNR D ZA RN CaORI S D EMCHIAT 5 L IFTE A

o 0 Na IFEICIZDILC &b Na-Ca SEHEEFRICL B Ca RAICE B HDE Na 1CikiE
Ly Ca AL E 2 HDED 2 DOBEFZAGE N HEZIL Hg 1<k - TGS g
EVO UMD ER S5 5, 0 Na INFEDHEF & LTH % T Na-Ca SSHUBIED 4084
SNTEMEBDH L0028 ZNLINO@FROMEEDEIFEIC S W CEEd 3 0E
WHBHEEZ N5,

b. SkDFE

ME-TEFHIRTIC Na-Ca ZSHRBIEOTEAET 5  EIERIEWV LW E W E B A ED Na
WL &I AOND 0 Na INFED T R TIOBRETELTOEME I MOV
WL GERIN B %o S F THUITIRBIN TV B L 510V IS & - TREEN S D=

EVEOBEHC L IR IMHTE L VWERZRTH 5, 25 <0 Na INEEICIE Na-Ca 35
PdENFEREAZE LTV A EERTE L L EDNLIA. LA L. LS A& S Na
TPRC LIS > THIRIIRD Ca (ICHd 2 B@MEN e 2 & bIEA R ¢ h L) BEE
BERTHBRMRUNEL 6N S, COMFORIAN SR TELEETH S, =510,
SEIDKER T HREWMEICT 2 700 SHED Na %5521 7= IF 81 JEA IR £
TORIVEFIRTD SR Na BEEEENFELE ORI >WTHEEL FINT WA
T AR S50,
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Effects of removal of external Na¥ ions on vascular
smooth muscles

Tadao Tomita, Hiroyuki Tokuno,
and Toshihiro Matsumoto
Department of Physiology, School of
Medicine, Nagoya University

Summary

In single cells dispersed from the rabbit portal vein,
Na—Ca exchange currents could be recorded with the whole-
cell clamp method, under the condition in which all other
possible iomnic pathways had been Dblocked. Although Ca-
influx mediated by the Na-Ca exchange may be responsible for
contraction produced by Na removal (0 Na-contraction)
observed in several vascular muscles in the guinea-pig,
there are some discrepancies between properties of Na-Ca

exchange current and O Na-contraction. Na—-Ca exchange
current was transient, lasting for about 1 min, whereas 0
Na-contraction was slow and long-lasting. The exchange
current may be inactivated relatively quickly, but
intracellular Ca concentration increased by this process may
not be reduced without Na. O Na-contraction was only slowly
reduced in Ca—-free solution, containing 0.1 mM DGTA,

suggesting a partial contribution of intracellular Ca
release, in addition to a slow decrease in Ca concentration
in the extracellular space in muscle strips. Excess Mg was
less effective in inhibiting O Na-contraction compared with
Na—-Ca exchange current.

Removal of external Na decreased intracellular pH from
about 7.2 to 6.7 when Na was replaced with choline or N-
methyl-D—glucamine (NMDG), keeping Cl concentration contant.
When NaCl was replaced with sucrose, however, intracellular
acidification was much less, but 0 Na-contraction was
similar to, or even larger than, those produced by choline
or NMDG substitution, suggesting that intracellular acidifi-
cation is not an important factor in 0 Na—-contraction.

When Ca was readmitted after more than 10 min exposure to
Ca— and Na-free solution, a quick large contraction could be

elicited in the presence of verapamil. This suggests that
there is some Ca-—-influx pathway which is Na-independent and
is unlikely voltage—gated Ca channel. This pathway seems

resistant to excess Mg and the contribution of this Na-
independent pathway to O Na-contraction may explain the
discrepancies described above. 0 Na contraction was greatly
potentiated with ouabain (50 wM) in all vascular muscles
studied. On the other hand, ouabain increased resting
trension in the pulmonary artery and the portal vein, while
it had a marginal effect on the vena cava. Activity of Na-
Ca exchange mechanism relative to that of Ca-pump in the
plasma membrane seems to vary in different vascular muscles.
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