
6 6 8  Speciatia EXPEmENTIA 29]6 

The Influence of Disulf ide Bond  Reduct ion and L a n t h a n u m  on End-Pla te  Receptors  

D i s u l f i d e  b o n d  r e d u c t i o n  d e c r e a s e s  t h e  d e p o l a r i z a t i o n  
p r o d u c e d  b y  c a r b a m y l c h o l i n e  ( C A R B )  in  M e c t r o p l a x  
cells1, 2, n o r m a l  a n d  d e n e r v a t e d  s k e l e t a l  m u s c l e  a-~ a n d  
t h e  C A R B  c o n t r a c t u r e  o b s e r v e d  in  c h i c k  b i v e n t e r  ce rv i c i s  
m u s c l e  ~, s u g g e s t i n g  t h a t  t h e  c h o l i n e r g i c  r e c e p t o r  is a 
p r o t e i n  c o n t a i n i n g  a d i s u l f i d e  b r i d g e  n e a r  t h e  a c t i v e  s i t e L  
P a r t i c u l a r l y  e v i d e n t  in  the c h i c k  b i v e n t e r  c e r v i c i s  m u s c l e  
w a s  a p r o g r e s s i v e  loss  of  r e s p o n s e  f o l l o w i n g  d i s u l f i d e  b o n d  
r e d u c t i o n  a n d  p r o l o n g e d  e x p o s u r e  to  v a r i o u s  c h o l i n e r g i c  
a g o n i s t s .  S ince  t h i s  m a y  r e f l ec t  r e c e p t o r  d e s e n s i t i z a t i o n  8, 9, 
t h e  i n f l u e n c e  of  d i s u l f i d e  b o n d  r e d u c t i o n  b y  d i t h i o e r y -  
t h r i t o l  ( D T E )  10 on  t h e  a c t i v a t i o n - d e s e n s i t i z a t i 0 n  s e q u e n c e  
p r o d u c e d  b y  C A R B  a t  t h e  m u s c l e  e n d - p l a t e  h a s  b e e n  
i n v e s t i g a t e d .  T h e  i n f l u e n c e  of  l a n t h a n u m  o n  e n d - p l a t e  
r e c e p t o r s  r e d u c e d  b y  D T E  w a s  a l so  s t u d i e d  b e c a u s e  
l a n t h a n u m  is k n o w n  to  i n c r e a s e  t h e  C A R B  a c t i v a t i o n  of  
m u s c l e  e n d - p l a t e s  n a n d  r e d u c e s  t h e  i n h i b i t i o n  of  t h e  
p o s t j u n c t i o n a l  m e m b r a n e  (P JM )  p r o d u c e d  b y  c o m p e t i t i v e  
a n t a g o n i s t s  s u c h  as  cu r a r e l ~ .  
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Effect of DTE and DTE plus lan thanum on PJM activation and 
desensitization following continuous microperfusion with 0.27 m M  
CARB. Record A) is a control obtained in the absence of DTE and 
lan thanum (% change in EMR = 61.6 ; half-time of EMR recovery = 
76 see). Record B) was obtained from a second fibre bathed with 
0.1 m M  DTE (% change in EMR = 31.3 ; half-time of EIvIR recovery 
= 16 see). The response observed in a 3rd fibre which was bathed 
with 0.1 m M  DTE but  perfused with 0.01 m M  lanthanum in addition 
to CARB is illustrated in record C) (% change in EMR = 59.3; half- 
time of EMR recovery = 14 sec). For clarity, the complete recovery 
of the ElXIR is not shown in the figure. However, the half-times were 
calculated from the final EMR values. 

Al l  e x p e r i m e n t s  w e r e  p e r f o r m e d  in  v i t r o  a t  r o o m  
t e m p e r a t u r e  ( 16 -22  ~ on  t h e  s a r t o r i u s  m u s c l e  p r e p a r a t i o n  
of  t h e  f rog  (Rana pipiens) m a i n t a i n e d  in  a n  i s o s m o t i c  
p o t a s s i u m  p r o p i o n a t e  R i n g e r  s o l u t i o n  ( K - p r o p i o n a t e  
122.5 m M ;  C a - p r o p i o n a t e  1.8 r a M ;  Tris 1.0 r a M ) .  T h e  
r e s t i n g  p o t e n t i a l  o f  i n d i v i d u a l  f i b re s  r a n g e d  b e t w e e n  0 
a n d  - - 1 6  m V  in  t h i s  s o l u t i o n .  

T o  e s t i m a t e  P J M  a c t i v a t i o n  11 a n d  d e s e n s i t i z a t i o n  :3, 
t h e  e f f e c t i v e  m e m b r a n e  r e s i s t a n c e  ( E M R )  of  i n d i v i d u a l  
f i b r e s  w a s  m e a s u r e d  a t  t h e  e n d - p l a t e  r e g i o n  p r i o r  to ,  d u r i n g  
a n d  f o l l o w i n g  m i c r o p e r f u s i o n  w i t h  C A R B .  T h e  r e c o r d i n g  
t e c h n i q u e s  e m p l o y e d  to  m e a s u r e  t h e  E M R  of  s ing le  m u s c l e  
f ib res ,  t h e  m e t h o d  of  a p p l y i n g  C A R B  to  i n d i v i d u a l  e n d -  
p l a t e s  b y  m i c r o p e r f u s i o n ,  t h e  a v o i d a n c e  of d e s e n s i t i z a t i o n  
of  r e c e p t o r s  o n  ad j  s c e n t  m u s c l e  f i b r e s  a n d  t h e  v i s u a l i z a t i o n  
of  i n d i v i d u a l  j u n c t i o n a l  r e g i o n s  h a v e  b e e n  p r e v i o u s l y  de-  
s c r i b e d  n ,  ~4, ts. 

T h e  m a x i m u m  d e c r e a s e  in  E M R  i m m e d i a t e l y  f o l l o w i n g  
r e c e p t o r  a c t i v a t i o n  w i t h  C A R B  w a s  c a l c u l a t e d  as  a p e r c e n t  
c h a n g e  as  fo l lows :  

Control ( p r e p e r i u s i o n ) E M R - M i n i m u m _  (pos tpe r fus ion )EMR]  

Control  (preperfusion) E M R  

X 100. 

P J M  d e s e n s i t i z a t i o n  w a s  a s s e s s e d  b y  t h e  h a l f - t i m e  of  
E M R  r e c o v e r y  la. T h i s  v a l u e  is  t h e  t i m e  t a k e n  for  t h e  E M R  
t o  i nc r ea se ,  a f t e r  t h e  i n i t i a l  dec l ine ,  t o  a v a l u e  e q u a l  to  
o n e - h a l f  t h e  t o t a l  c h a n g e  in  E M R  m e a s u r e d  d u r i n g  
d e s e n s i t i z a t i o n .  

F o l l o w i n g  D T E  (0 .1 -0 .5  m M )  t r e a t m e n t ,  C A R B  
a c t i v a t i o n  of  t h e  e n d - p l a t e  m e m b r a n e  w a s  d e c r e a s e d ;  
t h e  d e g r e e  of  P J M  i n h i b i t i o n  b e i n g  d e p e n d e n t  u p o n  t h e  
c o n c e n t r a t i o n  o f  D T E  a p p l i e d  a n d  t h e  d u r a t i o n  of e x p o -  
su re .  I~:ARLIN a n d  BARTELS 1 h a v e  o b s e r v e d  a s i m i l a r  
e f f ec t  in  e l e c t r o p l a x  cells .  I n i t i a l  e x p e r i m e n t s  r e v e a l e d  
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Table I. Effects of DTE treatment  and La a+ on PJM activation and desensitization produced by 0.27 CARB 

DTE (mM) La ~+ (mM) Maximum change in EMR Half-time of EMR Number of fibres 
(%) recovery (sec) 

- - 60.2 ::{: 4.0 ~ 81.1 4- 11.7 ~ 7 

0.1 - 32.2 ~: 2.3 15.8 • 1.1 11 
0.1 0.01 55.9 ~: 4.3 17.6 ~ 2.6 8,7 b 

Values are mean -t- S.E. b The max imum change in EMR is from 8 fibres and the half-time of EM R recovery is from 7 fibres. The impalement 
was lost in 1 fibre before desensitization was complete. 
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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  


