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Effect of External Calcium Concentration on Potassium-induced
Contracture in Single Muscle Fibers of Crayfish

— With Special Reference to Mechanical
Activation and Inactivation —

Nobuaki TAKAHASHI and Masaki TAKAHASHI
Marine Medical Institute, Sapporo Medical Colledge

The effect of alternating external calcium concentrations on potassium-induced contracture, with
special reference to mechanical activation and inactivation curves, was examined using single muscle
fibers taken from the walking leg muscles of crayfish (Cambarus clarkii) and the following results were
obtained.

1) Although two methods used for the measurement of inactivation are already known in frog twitch
fibers (cf. Hodgkin and Horowicz 1960, Frankenhaeuser and Linnergren 1967), a considerable difference
between these two methods regarding the degree of inactivation for a given time in this preparation
may be seen.

2) Inactivation, which depends on the conditioning of potassium concentration, first attains a stable
value of inactivation with the conditioning time, and then slowly rises to level of full inactivation.

3) Under a condition of low calcium concentration (5 mM), activation and inactivation curves are
shifted to lower potassium concentrations. The extent or degree of the shift of the inactivation curve
is larger than that of the activation.

4) An increase of the calcium concentration (36.5 mM) shifts both courves to higher potassium
concentrations. The extent of the shift of both curves is approximately similar.

5) The time course of K-contracture (200 mM K7) is affected by alternating calcium concentration
as follows. In low calcium concentrations (5 mM), the ascending rate of the tension increased and the
time course is shortened. On the other hand, in higher concentrations (36.5 mM), the former is decreased
and the latter is prolonged.

6) The peak tension of K-contracture (200 mM K7) increases with the increase of calcium concen-
tration from 1 to 5mM. In higher calcium concentrations over 36,5 mM the peak tension decreases
although the concentration range from 5 to 36.5 mM gives maximal tension.

7) The size of area of 200 mM-K contracture increases with the increase of calcium concentration
from 1 to 135 mM. Under the calcium concentration from 135 mM up to 365 mM, a stable value is
maintained. However, higher calcium concentrations over 36.5 mM leads to a sudden increase of size of
the area.

On the basis of these results, the phasic nature in potassium-induced contracture of crayfish muscle
fibers was discussed in comparison with that of frog twitch fibers.

(Received March 30, 1978 and accepted June 6, 1978)
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Fig. 1 Time course of recovery following the

200 mM-K contracture (first contracture).

Abscissa : interval between end of condition-
ing by alternated potassium concentraction
and beginning of secondary 200 mM-K con-
tracture (test contracture). Ordinate: rela-
tive amplitude of test contracture as com-
pared with first contracture. Same symbols

denote values from the same fiber.
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Figs 2a and b  Time course of inactivation by
the conditioning of alternated potassium con-
centration.

Abscissa : interval between and end of condi-
tioning of alternated potassium concentration
and beginning of test contracture (200 mM KH),
Ordinate: relative amplitude of test contrac-
ture as compared with the 200 mM-K con-
tracture of control. “Inactivation” is repre-
sented by one
amplitude of test contracture. Same symboles

denote values from the same fiber.
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Fig. 3 Relation between potassium concentra-

tion and each of mechanical activation (curve
1) and inactivation (curve 2).

Abscissa: potassium cocnentration by a loga-
rithmic scale. In a curve 1 (open symboles),
the ordinate shows the relation induced by
the conditioning solution against 200 mM-K
contracture of control. In a curve 2 (filled
symboles), the ordinate shows the relative
tension of test contracture after 7 min con-
ditioning by a given potassium concentration
against 200 mM-K contracture of control.
Catt concentration is 13.5 mM.
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Fig. 4 Change of the peak tension of 200
mM-K contracture after the conditioning
of various low calcium concentration.

Abscissa : interval between end of condi-
tioning of various calcium concentration
and beginning of test contracture (200 mM
K™). Ordinate: relative amplitude of test
contracture including low calcium concen-
tration as compared with the 200 mM-K
contracture (13.5 mM Catt). Same symboles
show values from the same fiber.
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Fig. 6 Effect of low external Catt concentra-

Fig. 5 Effect of low external Catt concentra- wirt : : ;

. . . tion (5 mM) on the time course of inactiva-

tion (5 mM) on mechanical activation (curve i

ion.

1’) and inactivation (curve 27).

Scale and various values of absissa and or-
dinate in this graphy are similar to those of
Fig. 3. The fibers were soaked for 5 min in
Ringer containing 5m M Cat before applica-
tion of conditioning solution. Broken lines
show the activation curve (1) and inactivation
curve (2) of the control illustrated in Fig. 3.
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Abscissa : interval between end of condition-
ing of 5 or 20 mM-K solution containing 5
mM Catt and beginning of test contracture
(200 mM K*, 5 mM Ca#). Ordinate: relative
amplitude of test contracture against the 200
mM-K contracture (13.5 mM Cat). Broken
line shows the control (20 mM K7, 135 mM
Catt) illustrated in Fig. 2. Same symboles
denote values from the same fiber.
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Fig. 7 Effect of higher external Cat concen-

tration (365 mM) on mechanical activation
(curve 177) and inactivation (curve 2'/).

Scale and various values of abscissa and
ordinate in this graphy are similar to those
of Fig. 3. The fibers were soaked for 5 min
in Ringer containing 36.5 mM Catt before
application of conditioning solution.
Broken lines are activation curve (1) and
inativation curve (2) of control illustrated
in Fig. 3.
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Figs. 8a and b a:
mM-K contracture containing 13.5 mM Catt.
b: effect of alternated external Catt concen-
tration on the time course of K-contructure
(200 mM K*). Ca# concentration is 13.5 mM
in A; and By, 5mM in A, and 365 mM in
B,. Each of A and B is recorded from the
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In the case
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against Ay and B,, respectively.
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for 5 min in Ringer containing 5 and 36.5
mM Cat, respectively, before application of
200 mM-K contracture. Arrows show the
point that 200 mM K" is whashed out with
normal Ringer.
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Fig. 9 Relation between 200 mM-K contracture Fig. 11  Effect of alternated external calcium

and alternated external Catt concentration.

Abscissa : external calcium concentration by
a logarithmic scale. Left ordinate: relative
amplitude of 200 mM-K contracture affected
by various Ca't concentration against tension
of 200 mM-K contracture including 13.5 mM
Catt. Right ordinate: relative area of 200
mM-K contracture under condition of vari-
ous Catt concentration against area of 200
mM-K contracture is conventionaly defined
by measuring the osillograpy from the begin-
ning of tension up to the half relaxation
point.
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Fig. 10 Effect of 100 mM choline-Cl on 200
mM-K contracture.

a: K contracture (control). b: K contract-
ure under potassium Ringer containing 100
mM choline-Cl.  Arrow shows the condi-
tioning point of 100 mM choline-Cl. The
contractures of a and b were whashed out
with normal Ringer after taking the peak
tension.
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in Fig. 8. By: K contracture under 73 mM
[Catt]y. Control of By is B; in Fig. 8b.
Arrows show the point that 200 mM K7 is
whashed out with normal Ringer.
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ERANC I OUUE A B LIBRw & 5T, BB ik
F— b IUF T 4 ek B Catt DT LB BOW
FHIFT RS, i NE A T Ol & B D IA B 0> B A nf
STWB EEZBRT WS (GkIF - KHD, &IR).

—7, MEHETRAEC 35\ T, GainerD 23O
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A = EE % T R Vo $Ca influx SERT, K Hff
I LIS BT o7 Catt Ot A%, 232% D in-
flux Catt Ei3shg Catt PEEWCAREET 5 2 & &iE Lic.
EH, WAARIA 7 A OFIER CRTE DR & A7
Hagiwara and Nagai?) 3, K #fiEictlvs, 780 7N Kb
R TIcE s Ca OMIINIRAZENLD TS, T,
Chiarandini et al® 13V # = G ® caffeine i
L K #EoBfRa it L, caffeine Mfitsic K #fEs T
ST AT ED, IR O filay Ca store
OFIFECKT 5 influx Catt DfFAZFER L5, b
1z Chiarandini ez al® L[ £ B 4 Ca spike %
W% &5 Mot & v T ) = % o 200
mM-K {73 10 mM Ci3ig5e il il S s e 15 C
Wh. 2D X 5 B5Ca % V1o iE & 52 B B OIS
Ko T E LN EROBS & b WA HETY
Mt 381 % influx Catt @ activating Catt & LTOE
HERBE LA, Thbo Eab, KERo K Hifg
O EHFE 2T H L, Gainer) ¥ X0 Hagiwara
and Nagai?) 5 @ Ca i AGD FARCHES .
4-1 K #HED activation 755U inactivation

)0 = o K ffieos =l o chac ki L,
HISHIRES e D — b CH B & LA FB T B4,
Zachar and Zacharova®) {34% 5 O Jf#EIC :3\~C, [lj pro-
cess TRINtc curve DAZ HH0.12 L2 S L,
O] {5 3 #2> conditioning depolarization 1 & % store
s D activator OTFHEHEE 7= 0 bR D inactiva-
tion 2% #EET 52 Lic & »C Hodgkin and
Horowicz®) O 1 @ FLfiR, 3 7i>Hil] process [3#HET
BARD & L1 U, activation (%, #HAH—iERD activa-
tor store 75 activator 23EHES R A BRI AHM L,
inactivation |} activation O &5 & 7= B b store
PO activator O i IC & 0 BERERE AR UCAT <
B HM T 5 & 5 RRAPREE L CZHF Lic. Zachar
and Zacharova® (3 full inactivation 7>5 0 —7ERFEN
DOEEOREE A $ » C inactivation ZllE Lk, A%
EECIR i L7c X 5 i [ EFR I o278 inactivation O
AT ALIS & Epb, TOHEETHD D DR
AR O RS H B X5 lbh .

AEBRCESLRINAD 5 B, activation ¥ XY inac-
tivation curve MAZ AN 0.5 (STl Lz 2 &, K Catt
¥4 EE R C inactivation 34 U B & & (activator Db
1), = Catt LT O curve DI DONE A IRICLE
L, Fhig FZE) Lich -T2 &7 ik Hodgkin and
Horowicz® O 1 0 L ff a2 # LIS B b A g L
2L, WO3FELORMEFETS. 1) K Catt L

W =BT K Hff
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T activation ¥ X% inactivation curve @ H)j Oft
[EAS inactivation OFNI BT L VETA~NKELE

Lz & Dz LER - KEW2ER L5 X5
1O RMOSE, O FIL2RCFE CUTir il

B7s\s. 2) F B 1) % subthreshold KT 3 rox
Ca free £ T ic B\ T “activation 7¢ Lo full inac-
tivation” OBENE T B & ZOH RII I =AHick
W TIRIFH SN, BB - KD ooz Enb
510 RFAEE L. 3) conditioning deporalization
¢ inactivation 23 2 fitk&w /Rt & 2O 2 HHMEDOM:
B 1 O JfRD B COMRICAFT S CThHDH Z LT
PlEDz Enb, 0 # =500 K #ifEo time course
BE LA D activator OfFE (Ca uptake) #7EE
LibT, F1ORMORTIIRRTHSL T E3bhb.
L7 L, Hodgkin and Horowicz® 0% 2 @ BLfi#, 3 7g
It store PN activator EX—E I 7z T % 28
activation k3% #H % inhibitory process 735 % Ic it
1745 2 & T inactivation W L X 5 &4 5 Az
OYH BT AREREENE UA. Fihbb, ¥ U0
=BT s TE Catt JEE 2 inactivation 23U %
L5 MEE (activator OFEYE), ZHIT inactivation @
1M EE 2 A E b activation & 4 < B R
CTwBEVIBEBRLWEETHD. ZDX LYY
7= E ko K o— kot Hix Hodgkin and
Horowicz® I X585 1 L28 2 O— D 5L iR ZoCi 3t W
Shiffewillg s lbh, Hick RMenEl45 X5
Bbhs.
4-2 REEHO K RHEOHE EHTILEHD
zh & s

L s Y =m0 K otk L, Ziuckt
T 55 Cath Y18 0 5 B 5 L 7c AR 1 = Vi
» Hodgkin and Horowicz®), Liittgau), Frankenha-
euser and Linnergren?®), &I - K HYD & Kosaka et
all®) b ORHE &R OFE S T—3K L. 1) activation 755
ONZ inactivation curve &80 % 855 B kR, 2) & - K
Catt & F @ activation 7¢h ONC inactivation curve
ORI & DORME, 3) & - K Catt YT o K Hffi
OIIRZELL, 4) conditioning KT §4iFic inactivation
2R RTHE. o X5, activating Catt 2332
LT Cainflux ikt H ) =it rhrFzsL
TR % 7 = VR 5 & ORI 26 < DRl
BB IhELC Lk, Rk &h T mechanical
activation & inactivation DOFFEWCBIL, %< DRE
2Bk rcEbhs. oS onTTTIER -k
AW 23H = VEFFTHEZEL T 5 X 52 Ca influx @



47 (6) wiE - EE
time course 7% K #jffi> time course & L < —F L C
WhHZ &b, %0 step T mechanical activation &
inactivation M UCWwB W[ g 0B D L. EHIL,
T-system %4 % Ca influx &4 i+ 5 & &
# %5 dantrolene sodium 7% K $#j#fi © activation @ #Ji
7B O inactivation DEEAR b3 &\ 5 I 516
E B ARE D Ca influx @ step 12 activation &
inactivation 2ME L CWATREDH D & EXTRFT5.

7e¥, Ca influx @ step 25 E DFFLTHEE LTU5 0
U3 = VR CEEC ARG &, #ic Oota and Nagail?
1% T-disrupted fiber ® 45Ca influx 2\ CTHE L,
ThMNELLT Tsystem Whdb o ExWbre L.
Ehi, KM G, 2R) (1A =i T-disruption
LRBED L3 =BG CE LB EBRIL, £0
WG R IVREFINCIRY, FD4MT T calleine #iyfEsi
I sctisd, KfErimshs &b,
ZRbO T LPRIERHKN S Ca influx @ step 3 T-
system JRAELTWA I EZ/RE LTS,

S TATELLE & ek B o K HfiomH
DA =AML 2, BRI ThBHEbAB RS, 1) K
Haffio> peak tension 2344E Catt Y EE DI LE M
T gk B B 2 L, 2) conditioning KT % i T 2
# inactivation OYWETT HE AN A =L FHICLE LEWC &,
3) Ca free H B\ L 2 mM Catt Yo - Nat F#E T T K
Wi peak tension 75 30 LIPS LHNTIK A LG
BT ETHB. oEIBIL, it Kosaka et all® i1
7 = AT Catt free » Nat 74 T o K Hfiioigikis
50Nz peak tension D L& FEAE L1564y & Biic -z @
peak tension A TAHC LR WE L. 2O XIICK
TR & DR 2 DA OPHIARIICE LvWEDH D 2 &
DG DIE, 1) & 3) oSG ki B 4 [ o> SR
IO L 20BN E R LT BdDEHL bR, ¥
7= ERHC Tk Ca IMABOFELED 12 LiFbh
X5, Fiz, 2) D 24H inactivation OFETHEE A E
Er RN R E O inactivation 2 (Kosaka et al19),
ZIR) O step &) F =FH O 2 fH inactivation @
step EICHIEAD B2, b L xAER2 [Na®+KT] —
EOHMT DT, o lic i CI7 23« i fifla e
WA L% 4D repolarization 23 Ufztedic ZhhNE <
7o fe DI EOMIE SN S.

4-3 K D IrE Catt REKREEO D

WETERMRE oM A« AREULE Catt P EEIkT K #y
fi> peak tension (335 W7o R AF M & A, 5mM
[Catt]y © maximal value 55z &k L. & O
##1x Hagiwara and Takahashil® 237 v E 5 # i o

VYT =GO K i 579

Ca spike @ spike height 234} ¥k Catt J& FE o> 58 hc £
Wy, £ spike height #40L, # xic saturation 4%
BLgea I B2 18 F M Kk o M7 LBt sdbbcd 5 X 5
Clbisg. L Liedds, 5o inE bic K #igs
O tension height W35 R & LT CX 7o\l
1% Ca spike 2341 Catt ORI, %0 spike
height 75 ONC 3 | 0 B % B & 523, K #ffii
bl U Catt 38 B 5% © 2 o3 nic v tension height
NS 2 DDEDON E W HEAR AT 5 Eeh 5.
Lo L, GainerVic X o oK Catt i B o> 3% e £ 1
K ffia Ak L% influx Catt B I035 &0 5 s
HIRZNRTWABDT, influx Catt TA /- HEES Catt Yo EEhg
TE DN & MEAGRIC{ ~ 1o saturation DI EA L,
RE RO ORI S I D . o TEHL T
Hodgkin and Horowicz® 73 7 = /L 3 #f ¢ mechanical
inactivation %l %E3 5Dz, 190 mM-K # fasfiliv- 7o
Hif% activating Catt & LCHEICEB % X5 & L
CHEICHEEHE L, activating Catt 233 & L€ influx Catt i
L BARBERITC BT, S Catt JEE & 200 mM-K Hgfi
DT & O DOBIRE MG L. ZofiR, s Catt
B 13.5 mM~36.5 mM DI <% O i Honi— 2 fiic
LA ENRHIN. O A ERTTs T, S
Catt L) 13.5 mM Ll CEoiin & 4B e —E i o
Catt Los Ml PICIRA LT SR RE LTV 5.
Zo K fifiic %54 % influx Catt § o saturation ®
Bige 1%, Hagiwara and Takahashil® 73 Ca spike height
O saturation 2L REFAMMOTAIZEC L, L
C spike %E-3 %5 Catt @ receptor OWA% WL T X
oz & ek, RERCRNTY K Wiicss+5
influx Catt w2} U, PEIERIEEOMPT 2 TEE T, influx
Catr Ick 3% receptor DA MEIGS TR &M%,
LA L, ZORCBELTEIRK Catt I i 5 U fe ¥Ca
influx ST X 0, ERICH S0 Sk L
WREERMROMT AR E T XETHAS.

DibEo X5, Kfc#ws4% influx Catt o> recep
tor OIFEIRIEEN S B3, T2 C7 oY REHRGTH
btz Ca spike 1o 5.4 % Catt © reseptor & DFL[[A
7. OB, A& EBROLINUE Catr Yo
ki 5 K #Hifioz b &, Hagiwara and Takahashil®
» Ca spike O f & % Catt I B C e % B B A
5. MR H IR EME L K #ifE o tension height
¥ X OV B HeAs saturation & BB Db iR Cath Jops
13 5~10 mM THh %575, Ca spike height »3 saturation
% BB U 100 mM & 10 513 E Ol AR LT
BETHD. ORI Catt 5% receptor T 5
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EEHAR CCh s LIE Lcha, K Motk
4t Catt fi 100 mM BT & C WBIBIRA L < T s
3, A 10 mM g coFolli fio saturation %
HP LG coZ Lnb, Kigicss4% Catt o
receptor IZxT A EEAES &, Ca spike wdr5-4 5 Catt
® receptor X T AL EDORICHED H B & & pREE
Xh, Thbo receptor OJFIEM[A—TY Catt Dk
site IGEVD B D T LHFER L, RN IR A TRIE L 5
Db ER L.

PUEIAEIER B0 5 Catt oINS W, Fi
FEE A OILFEICZ L graded response 3 & XM T
WA, ZoZ & Hagiwara and Takahashil®) o>52uns
Mgy Catt B2 EEICIC T L all or none @ Ca spike
AERSETWS T L0, AT eh2RB Db
W EERRBE LTS, £2T, b d ZoicERL,
Ca spike %759 % Catt OAEMMEHRELLTOLEL
LT 5. S OBETE BT, MK Catt 1Y
gy Ca spike height 23080 L, saturation 423}
% L /T LC spike ek % threshold % positive
ain L, 100 mM Catt J & ) | C saturation UIA®
HTERIFEENIETHE LD, Caspike KH 5T 5
Catt (3L kI & LT stabilizing action #7533 &
EZThh.

—J7, A9 X 5 7x KT (RT3 5 s i
Hichfioe 7L L ENTWHDT, AR Tl L
influx Catt |3 Ca spike o Catt LEEEEM TN D & X )
Xho5bb0Ths. kbl dic, Ca spike o Catt
@ KV {E A Fie b BucliE LCish, £o stabilizer &
LCOfEHAN K a0ttt B I U S 2 etkn b 5.
SO EIIARBHED 9 BT, SR Catt I o3 Inc
K Hiyfioo threshold o 5, 37k v#EEOA, 0T
1375 Catt 4 R o> peak tension DK F7cb ONCififELL
OFBEE R E LT BLDEBZLRE.

TDX5, Cat it L, 200K site b H XD
TR iR A b b, —2RiEioBEs L, T
WHAEL, L& LT activating Catt & LTOELY LB
5, & 95— 2R - T BUcfEAE L, AMrciE
& LT stabilizing action & LTOERELZHFLC5 &
Fzbhd.

Rk 2 61l %, BT & o foksg s — B e
I BB WA 2T & & LI EBNET & - kR
HRBME, REMBT, MIHF RS K@i
R R RBRERTRE, TR B AL %
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