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Table II. Differential influence of La 3+ on end-plate activation and desensitization produced by 0.14 mM CARB 
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La 9+ (mM) Max imum change in E M R  (%) Hal f - t ime of E M R  recovery  (sec) Number  of fibres 

- 39.4 _a 3.0 ~ 35.0 :[: 5.5 ~ 5 

0.01 60.6 :t: 2 . 3  75.6 J :  28.2 6,5 b 

1.0 58.0 -4- 2.1 14.0 =[: 1.9 6 

Values are mean -4- S.E. ; b The maximum change in EMR is from 6 fibres and the half-time of EMR recovery is from 5 fibres. The impalement 
was lost in 1 fibre before desensitization was complete. The Table shows a wide range of standard errors for the half-time of EMR recovery. 
However the variances were found to be equal by an F-test. With the exception that this may reflect an association of a smaller variance with 
a smaller mean, no clear explanation of the discrepancy between variances can be offered 19. 

t h a t  t he  end-p la t e  response  to 0.27 m M  C A R B  of muscles  
equ i l i b r a t ed  in  0.1 m M  D T E  decreased  w i t h  t i m e  b u t  
appea red  to  p l a t e a u  a t  a p p r o x i m a t e l y  1 I/2-2 h. Therefore,  
all  s u b s e q u e n t  e x p e r i m e n t s  were conduc t ed  on  muscles  
k e p t  ill 0.1 m M  D T E  for a p p r o x i m a t e l y  2 h p r io r  to  t he  
d e t e r m i n a t i o n  of C A R B  a c t i v a t i o n  a n d  desens i t iza t ion .  
The  C A R B  used for  mic rope r fus ion  was a lways  dissolved 
in t he  same  so lu t ion  w h i c h  b a t h e d  the  muscle.  Hence,  
D T E  was p re sen t  in  t h e  C A R B  mic rope r fu sa t e  w h e n  D T E  
was p r e sen t  in t h e  b a t h i n g  solut ion.  

The  con t ro l  or r e s t i ng  E M R  of t he  D T E  t r e a t e d  f ibres  
(0.167 =k 0.077 megohms ,  m e a n  =L S.E.) was no t  signific- 
a n t l y  d i f fe ren t  (/5 > 0.05, t- test)  f rom the  con t ro l  E M R  of 
the  u n t r e a t e d  f ibres  (0.170 =k 0.138 megohms ,  m e a n  
S.E.).  These  va lues  are lower t h a n  those  r epo r t ed  for 
po la r ized  muscle  f ibres  16. This  d i f ference is a t t r i b u t e d  to 
t he  pe r s i s t en t  m e m b r a n e  depo la r i za t ion  p roduced  b y  
po ta s s ium.  

The  i n h i b i t i o n  of C A R B  a c t i v a t i o n  b y  D T E  is ev i den t  
f rom t h e  Figure.  Record  A i l lus t r a t e s  t he  t i m e  course of 
t he  change  in E M R  induced  b y  con t inuous  mie roper fus ion  
of 0.27 m M  CARB.  Record  B was o b t a i n e d  f rom a n o t h e r  
f ibre  fol lowing 0.1 m M  D T E  t r e a t m e n t .  I n  b o t h  ins t ances  
t he  E M R  recovered  a f t e r  a n  in i t ia l  decl ine ind ica t ing  P J M  
desens i t i za t ion  d u r i n g  t h e  sus t a ined  C A R B  perfusion.  
A l t h o u g h  C A R B  a c t i v a t i o n  was r educed  b y  D T E  expo- 
sure, t he  r a t e  of P J M  desens i t i za t ion  was s ign i f i can t ly  
grea ter .  The  resu l t s  o b t a i n e d  f rom n u m e r o u s  f ibres  are  
s u m m a r i z e d  in Tab le  I. 

I n  t he  p resence  of 0.01 m M  La  3+ t he  a m o u n t  of inhibi2 
t i o n  p roduced  b y  0.1 m M  D T E  was lessened. In  these  
e x p e r i m e n t s  t he  La  a+ was mic roper fused  a long w i t h  C A R B  
(no p r e p a r a t i o n s  were p r e t r e a t e d  w i t h  La  3+ pr io r  to  C A R B  
appl ica t ion) .  P r ev ious  s tud ies  ~ ind ica t e  t h a t  no s ign i f i can t  
change  in  E M R  (recorded f rom t he  P J M )  resu l t s  f rom the  
pe r fus ion  of 0.01 m M  La  a+ in t he  absence  of CARB.  I t  
was  a s sumed  t h a t  s imi la r  cond i t ions  o b t a i n e d  in t he  pre-  
sen t  s tudy .  A l t h o u g h  L a  3+ increased  the  a m o u n t  of P J M  
a c t i v a t i o n  in t he  D T E  t r e a t e d  muscles ,  t h e  r a t e  of P J M  
desens i t i za t ion  was n o t  changed  (Figure,  Tab le  I). These  
d a t a  are  c o n s i s t e n t  w i t h  t h e  v iew t h a t  the  chol inergie  
r ecep to r  is a p r o t e i n  c o n t a i n i n g  a disulf ide  b o n d  ~-7 a n d  
m a y  exp la in  t he  progress ive  loss of response  seen in ear l ier  
s tud ies  w i t h  ch ick  muscle  6 a n d  e lec t rop lax  cells 2. 

Ea r l i e r  s tud ies  h a v e  shown  t h a t  L a  a+ no t  oi31y increases  
end -p l a t e  a c t i v a t i o n  b u t  also acce le ra tes  t h e  r a t e  of P J M  
desens i t i za t ion  p roduced  b y  C A R B  TM~7. However ,  t hese  

two effects of L a  a+ are  d i f fe ren t ia l ly  c o n c e n t r a t i o n  depen-  
dent .  I n  t he  depolar ized  p r epa ra t i on ,  0.01 m M  La  a+ 
enhances  r ecep to r  a c t i v a t i o n  n w i t h o u t  s ign i f i can t ly  
inc reas ing  t he  r a t e  of desens i t i za t ion  induced  b y  C A R B  
(0.054-21.6 raM) is. The  desens i t i z ing  ac t ion  of L a  ~+ 
becomes  a p p a r e n t  on ly  a t  h igher  concen t r a t i ons .  For  
example ,  in  t he  presence  of 0.01 m M  La  8+ P J M  a c t i v a t i o n  
w i t h  0.14 m M  C A R B  was a p p r o x i m a t e l y  doub led  a n d  
desens i t i za t ion  slowed, b u t  no t  s ign i f i can t ly  (p > 0.05, 
t-test),  whereas  w i t h  1.0 m M  La  3+ b o t h  t he  e x t e n t  of 
a c t i v a t i o n  and  t he  r a t e  of desens i t i za t ion  were increased  
(Table  II) .  These  obse rva t i ons  sugges t  t h a t  r ecep to r  
a c t i v a t i o n  a n d  desens i t i za t ion  can  be  s epa ra t ed  p h a r m a -  
cological ly a n d  p e r h a p s  t h a t  La  3+ ha s  two d i s t i nc t  si tes of 
ac t ion  ~o. 

Zusammen/assung. Der  Einf luss  von  D i t h i o e r y t h r i t o l  
als R e d u k t i o n s m i t t e l  u n d  yon  L a n t h a n  auf  die d u r c h  
C a r b a m y l c h o l i n  i nduz i e r t en  P h g n o m e n e  a m  E n d p l a t t e n -  
r ezep to r  in m i t  K a l i u m  depo la r i s i e r t en  Muske l fasern  
wurde  u n t e r u s c h t .  D i th io rey th r i t01  h e m m t e  die E n d -  
p l a t t e n r e z e p t o r a k t i v i e r u n g  u n d  besch leun ig te  die De- 
sens ib i l i s ie rungsgeschwindigke i t  w~thrend 0.01 mM L a n t -  
h a n  die E n d p l a t t e n a k t i v i e r u n g  vers t / i rk te ,  ohne  a b e t  
e inen  Einf luss  auf  die Geschwind igke i t  der  Desensibi l is ie-  
r u n g  m i t  oder  ohne  D i t h i o e r y t h r i t o l  zu h a b e n .  1.0 m M  
L a n t h a n  h ingegen  e rh6h t e  sowohl  die Geschwindgke i t  der  
Desens ib i l i s ie rung  als auch  die jenige de r  A k t i v i e r u n g  bei  
A b w e s e n h e i t  yon  D i th ioe ry th r i t o l ,  was  den  Schluss  auf  
zwei ve r sch iedene  W i r k u n g s o r t e  von  L a n t h a n  zul~Lsst. 
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The Influence of M a g n e s i u m  and Calc ium Ions  on the Force Produced  in Rigor  Muscle  

R e m o v a l  of A T P  f rom s t r i a t ed  musc le  f ibres  induces  
(under  i somet r i c  condi t ions)  a r igor  cont rac t ionS.  In  t h e  
s u b s e q u e n t  r igor  s t a t e  i somet r i c  t en s i on  is m a i n t a i n e d  a n d  
the  c rossbr idges  (which compr i se  p a r t  of t he  m y o s i n  fila- 

men t )  are f ixed to the  ac t i n  f i l a m e n t  in  t he  ' a r r o w h e a d '  
pos i t ion  2. I n  t h i s  pos i t ion  t he  c rossbr idge  heads  are a t  an  
angle  of 45 ~ to t h e  a c t i n  f i l a m e n t  (Figure  1). I t  is con- 
c luded  f rom recen t  resu l t s  t h a t  t he  crossbr idges  are elast ic  
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Fig. l. Diagramm showing a crossbridge fixed to the actin filament in rigor in the 'arrowhead' position (modified from HUXLEYg). The relative 
force between actin and myosin filaments produced by the elastic structure of the crossbridge may decrease by decreasing the interfilamentar 
distance D. Note the different length of the crossbridge - neck (Sz) at 2 different interfilamentar distances (eontinous and dotted line). 
M, myosin filament (bael~bone); A, actin filament; Z, Z-disc; $1, (HMIV~ $1) crossbridge head; S~ (HMM $2) crossbridge neck; D, distance 
between actin and myosin filaments. 

s t ruc tures  a. Therefore,  in rigor, t he  elastic force developed 
by  the  crossbridges and  also the  fibre tens ion  should de- 
pend  on the  spacing of ac t in  and  myos in  f i laments .  As 
th is  spacing in rigor is var ied by  the  pH,  ionic s t r eng th  and 
the  concen t ra t ion  of d iva len t  cat ions  (Mg, Ca, Ni, Mn)4, 5 
we have  inves t iga ted  whe the r  these  influences affect  the  
isometr ic  rigor tension.  

Methods. Skeletal  muscles  Eleg muscle of the  c a y m a n  
(Caimc~ c~ocodilus) and  dorsal  longitudSaal fligt~t muscle  
(DLM) f rom wate rbugs  (Lelhocerus rnaximus)] immed ia t e ly  
af ter  p repara t ion ,  were t r ans fe r red  into a 50/50/v/v gly- 

cerot~water m i x t u r e  (20 mkg imidazole,  10 m M  Na-az ide ,  
p H  7.0) and s tored for up to 4 weeks at  -16~ (Na-azide 
was given to inh ib i t  the  mi tochondr ia l  ATPase  6). 

F ibre  bundles  ( length 2-3 mm,  d iamete r  150-400 tzm) 
were dissected f rom the  glycerol ex t rac ted  muscle. The 
exper imen t s  were carried out  on an appa ra tus  p rov id ing  
h ighly  isometr ic  condi t ions  v. The fibre bundles  were glued 
(celluloid dissolved in acetone) a t  one end to a glass rod 
and  a t  t he  o the r  to  a glass rod  connec ted  to  a 5734 RCA- 
force t r ansduce r  (compliance app rox ima te ly  5 • 10 -" era/ 
dyne).  The isometr ic  tens ion  was recorded on a 'Schwar-  
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Fig. 2. Magnesium induced tension decrease i n  rigor, a) of a fibre bundle (diameter ca. 375 Lzm) from skeleta muscle  (leg nmscle, 
Cc~iman crocodilus) and b) a fibre bundle (5 fibres) from insect fibrillar flight muscle (DLM, Lethocerus maximus). The fibre bundles were 
suspended in Mg-ATP-relaxing solution and slightly stretched ( ~ ). After immersion inATP-free standard rigor solution ( ~ ) isometric tension 
is produced. Imlrlersion in 30 mM Mg-rigor solutiolz (~) induces a tension fall. Control experiment: After reimmersion in standard 
rigor solution (~) tension increases to the original tension level. Cycles like this could be repeated many times. 
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ze r -Di rek t schre ibe r ' .  The  A T P - r e l a x i n g  so lu t ion  c o n t a i n e d  
(in m M ) :  ATP ,  17.5; MgC12, 17.5; imidazole ,  10; E G T A ,  
4; Na-azide ,  4. The  (ATP-free)  s t a n d a r d  r igor  so lu t ion  
c o n t a i n e d  (in m M ) :  KC1, 100; imidazole ,  10; EGTA,  4; 
Na-azide ,  4. The  o t h e r  r igor  so lu t ions  c o n t a i n e d  (in raM)  : 
KC1, 10; MgCI~, 30 (or CaCI~, BaC12, SrCI~, IK2SO 4 or 
K H P O , ) ;  imidarole ,  10; E G T A ,  4; Na-Azide,  4. Rigor  
so lu t ions  w i t h  lower c o n c e n t r a t i o n s  of d i v a l e n t  ions 
(5-30 m2//) were o b t a i n e d  b y  m i x i n g  these  so lu t ions  in  
t h e  a p p r o p r i a t e  re la t ion .  T he  p H  was a d j u s t e d  a t  r oom 
t e m p e r a t u r e  to  6.5 b y  a d d i t i o n  of HC1 or N a O H .  The  
e x p e r i m e n t s  were car r ied  ou t  a t  room t e m p e r a t u r e  (ca. 
20 ~ 

Results. In  order  to  p roduce  r igor  t ens ion  ske le ta l  musc le  
f ibre  bund l e s  re laxed  in t h e  A T P - r e l a x i n g  so lu t ion  were 
i n c u b a t e d  in t he  ATP- f ree  s t a n d a r d  r igor  so lu t ion  ~. Here in  
t he  i somet r i c  t en s ion  rose (Figure 2a)  to  a b o u t  0.9 kg / cm 2 
( s t a n d a r d  d e v i a t i o n  0.3 kg / cm 2, ~ ~ 10). T he  fol lowing 
i m m e r s i o n  in a 3/Ig-containing r igor  so lu t ion  p roduced  a 
t ens ion  fal l  to  a b o u t  85% of t h e  t ens ion  level  in  s t a n d a r d  
r igor  so lu t ion  (Figure  2a, Table) .  The  100% t ens i on  level  
was  r eached  aga in  a f t e r  r e i m m e r s i o n  in s t a n d a r d  r igor  so- 
lu t ion .  Such  t ens ion  cycles could be  r epea t ed  up  to 20 
t i m e s  w i t h o u t  a n y  n o t a b l e  decrease  in t h e  ex ten t .  I n  ex- 
p e r i m e n t s  w i t h  g lyce ro l -ex t rac ted  r a b b i t  psoas  f ibres  
(unpub l i shed  expe r imen t s )  a n d  DLM-f ib res  (Figure 2b) 
s imi la r  f ind ings  were ob ta ined .  Rigor  t ens ion  was also 
p roduced  b y  t r a n s f e r r i n g  t h e  f ibres  f rom A T P - r e l a x i n g  so- 
lu t ion  d i rec t ly  in to  Mg-con ta in ing  r igor  solut ion.  The  sub-  
s e q u e n t  i m m e r s i o n  in s t a n d a r d  r igor  so lu t ion  induced  a 
f u r t h e r  t en s ion  increase  of a b o u t  15% to  t he  100% level  
fol lowed b y  a t ens ion  decrease  in Mg-r igor  solut ion.  

The  t ens ion  decreased  b y  ra i s ing  t he  Mg++ c o n c e n t r a t i o n  
f rom 5-30 raM.  Revers ib le  t ens ion  cycles were also in-  
duced  b y  o t h e r  d i v a l e n t  ca t ions  (Table) : a t  a concen t r a -  
t i on  of 30 m M  t h e  t ens ion  fall  r e l a t ive  to  t he  100% level, 
was s imi la r  in  Mg-, Ca-, B a - a n d  S r -con ta in ing  r igor  solu- 
t ions .  Tile i somet r ic  r igor  t en s i on  was r eve r s ib ly  decreased 
b y  lower ing  t he  p H  of t he  s t a n d a r d  r igor  so lu t ion  (Table).  
The  reverse  effect  was o b t a i n e d  in r igor  so lu t ions  con- 
t a i n i n g  SO 4 a n d  b y  ra i s ing  t h e  p H  (Table),  whereas  r igor  

so lu t ions  wi th  P O 4 - -  d id  n o t  seem to  af fec t  t h e  i somet r ic  
t ens ion .  

Discussion. P r o v i d e d  t h a t  t h e  crossbr idges  do n o t  r o t a t e  
on t he  ac t i n  f i l a m e n t  whi le  in  r igor  s t he  elast ic  force be- 
tween  ac t i n  and  myos in  f i l amen t s  p roduced  b y  t he  cross- 
bridges,  and  the re fo re  t he  r igor  tensiOn, shou ld  increase  
w i t h  wider  spac ing  of ac t in  a n d  m y o s i n  f i l aments .  

W e  assume  t h a t  th i s  consequence  of t h e  crossbr idge  
models  (Figure  1) 3, 9 is ver i f ied  b y  t he  p r e s e n t  expe r imen t s ,  
as ra i s ing  t he  p H  no t  on ly  increases  t h e  r igor  tens ion ,  b u t  
also t he  i n t e r f i l a m e n t a r  d is tances ,  to  a b o u t  t he  same  ex- 
t e n t  of 10% 4,~, whereas  t he  reverse  effect  on  i somet r ic  
t ens ion  a n d  spac ing  of ac t i n  a n d  m y o s i n  f i l amen t s  is in- 
duced b y  d i v a l e n t  ca t ions  or lower ing  t h e  pH.  Accord ing  
to ROME4, ~ t he  v a r i a t i o n  of t he  i n t e r f i l a m e n t a r  d i s t ance  
m i g h t  be  p roduced  b y  e lec t ros ta t i c  effects b e t w e e n  t he  
f i l aments .  A p a r t  f rom the  i n t e r p r e t a t i o n  discussed,  t he  
co r re l a t ion  be tween  r igor  t ens ion  a n d  m y o f i l a m e n t a r  dis- 
t ances  m i g h t  also be  exp la ined  on  t he  bas is  of t he  electro-  
s t a t i c  mode l  p roposed  b y  ELLIOT et  al. 1~ or t (o~I~Z 'S  ~ 
osmot ic  theory .  

Zusammen/assung. Die R i g o r s p a n n u n g  g lyce r inex t ra -  
h i e r t e r  Ske le tmuske l fa se rn  (Caiman crocodilus) u n d  fibrillR- 
re r  I n s e k t e n f l u g m u s k e l f a s e r n  (DLM) (L. maximus) k o n n t e  
d u r c h  Zugabe  yon  zweiwer t igen  K a t i o n e n  u n d  p H - E r n i e d -  
r i gung  revers ibe l  erniedrigt :  we rden  sowie d u r c h  p t t - E r -  
h L h u n g  u n d  Zugabe  yon  Su l f a t i onen  e r h 6 h t  werden .  Da  
u n t e r  ~ihnlichen B e d i n g u n g e n  i m  Rigor  V e d i n d e r u n g e n  
des A b s t a n d e s  yon  A k t i n -  u n d  M y o s i n f i l a m e n t e n  nachge-  
wiesen w u r d e n  4, 5, w u r d e n  die b e o b a c h t e t e n  S p a n n u n g s -  
~inderungen ~m Rigor  auf  G r u n d  neuere r  Crossbr idge-  
model le  3, 9 d i sku t ie r t .  
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Effect of divalent ions and pH on the isometric rigor tension; 
[glycerol-extracted fibre bundles from skeletal muscle (Caiman 
crocodilus)] 

Solution pH Tension ~ n 

10 mM KCI q- 30 mM MgC12 6.5 80.6 ~ 10.2 66 
10 mM KC1 + 30 mM CaC12 6.5 82.6 :~ 11.3 16 
10 mM KCI + 30 mM BaC12 6.5 79.2 i 15.1 5 
10 mM KC1 + 30 mM SrCI~ 6.5 77.0 j= 13.2 5 
10 mM KCI + 30 mM K2SO a 6.5 118.2 :j: 10.2 10 

100 mM KC1 6.0 87.9 ~: 5.3 5 
100 mM KC1 7.0 112.8 i 6.3 5 

Tensions (mean values and standard deviations from the mean) 
given in percentage of the values obtained in standard rigor solution 
(100 mM KC1, pH 6.5, 20~ All solutions eontainend 10 mM imi- 
dazole, 4ram Na-azide and 4mM EGTA. 

1 D. C. S. WHITE, J. Physiol. Lond. 208, 583 (1970). 
2 M. K. REEnV, K. C. HOLMES and R. T. TREOEAR, Nature, Loud. 

207, 3276 (1965). 
3 A. F. HUXLEY and R. M. SIMMONS, Nature, Loud. 233, 533 (1971). 

E. ROME, J. molec. Biol. 27, 591 (1967). 
5 E. ROME, J. molec. Biol. 37, 331 (1968). 
6 H. H. v. BROCK~, Pfltigers Arch. ges. Physiol. 290, 70 (1966). 
v G. J. STEIGER, Pfltigers Arch. ges. Physiol. 330, 347 (1971). 
s C. G. Dos REMEDIOS, R. G. C. MILLIKAN and M. F. MORALES, J. 

gen. Physiol. 59, 103 (1972). 
H. E. HUXLEY, Science 76d, 1356 (1969). 
G. F. ELLIOT, E. ROME, IVY. SPENCER, Nature, Loud. 226, 417 
(19701. 
D. R. KOMINZ, J. theor. Biol. 31, 255 (1971). 
We are grateful to Prof. Dr. J. C. R~ECG for helpful suggestions. 
Supported by Deutsche Forschungsgemeinsehaft, Grant No. Ru 
154/7. 
Present address: II. Physiologisches Institut der Universit/it 
Heidelberg. 

9 

I0 

11 

12 

13 

Overload and Training,  Compensatory Hypertrophy and Contraction Characteristics 
of M. plantaris in Female and Male Rats 

I n  a se r i e s  of e x p e r i m e n t s  conce rn ing  t h e  effect  of t h r o p h y  (CH) of leg muscles  in  t he  r a t  of b o t h  sexes 4 
over load  a n d  t r a i n i n g  on  t he  fas t  a n d  p e n n a t e - f i b r e d  p roduced  f indings  essent ia l ly  s imi la r  to  ours, i.e., t h a t  t he re  
~ .  p l a n t a r i s  (MP) 1-a we also c o m p a r e d  t he  effect  in  ma le  are no  di f ferences  be tween  t he  sexes. These  au tho r s  said : 
a n d  female  ra ts .  A r ecen t  r e p o r t  on c o m p e n s a t o r y  hyper -  'This  f ind ing  is no t  rea l ly  surpr is ing,  if one considers  t h a t  


