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T w o  F u n c t i o n a l l y  D i s t i n c t  C a l c i u m  P o o l s  i n  t h e  E x c i t a t i o n - C o n t r a c t i o n  C o u p l i n g  P r o c e s s  

The  con t rac t i l e  process  in  m a m m a l i a n  h e a r t  h a s  been  
r epo r t ed  to be  d e p e n d e n t  u p o n  t h e  ca lc ium c o n t a i n e d  in 
one k ine t i ca l ly  d iscre te  pool  1, 2. I n  th i s  s tudy ,  ev idence  is 
p r e sen t ed  to  show t h a t  t h i s  ca lc ium pool  is composed  of 
two c o m p o n e n t s  each  w i t h  a d i f fe ren t  func t iona l  role in  
t he  process  coupl ing  e x c i t a t i o n  to  c o n t r a c t i o n  in t he  hea r t .  

Ten  h e a r t s  o b t a i n e d  f rom k i t t e n s  (0.8-1.0 kg) were 
per fused  b y  t h e  Langendo r f f  t e c h n i q u e  w i t h  3 m M  Hepes  
buffer  so lu t ion  3. All  h e a r t s  were d r iven  e lect r ica l ly  a t  
180 b e a t s / m i n .  Af te r  30 m i n  equ i l ib ra t ion ,  t he  h e a r t s  
were w a s h e d  ou t  w i t h  ca lc ium-free  Hepes  so lu t ion  un t i l  
con t r ac t i l e  force h a d  decayed  to 1 g or less. T he  h e a r t s  
were t h e n  reper fused  w i t h  Hepes  so lu t ion  c o n t a i n i n g  
5 inEq/1 calc ium.  G r e a t  care  was exercised to  min imize  
i n t e r m i x i n g  of t he  calc ium-free  a n d  ca lc ium con ta in ing  
per fusa tes .  One group  of 5 h e a r t s  was  reper fused  w i t h  
Hepes  so lu t ion  c o n t a i n i n g  5 FM/1 l a n t h a n u m  in a d d i t i o n  
to  5 m E q / l  calc ium.  L a n t h a n u m  in th i s  c o n c e n t r a t i o n  
inh ib i t s  con t rac t i l e  a c t i v i t y  in  t he  h e a r t  e i the r  b y  dis- 
p lac ing  superf ic ia l  ca lc ium stores  or b y  b lock ing  ca lc ium 
u p t a k e  f rom the  ex t race l lu la r  space a. The  e f f luen t  f rom 
all h e a r t s  was  col lected a t  6 sec in t e rva l s  d u r i n g  t he  
reperfus ion.  Al iquo t s  of t h e  e f f luen t  samples  were d i lu ted  
w i t h  1% l a n t h a n u m  in 5% (v/v) HC1 for t h e  d e t e r m i n a -  
t ion  of ca lc ium c o n c e n t r a t i o n  b y  a t o m i c  a b s o r p t i o n  
s p e c t r o p h o t o m e t r y .  

Cont rac t i l e  force was comple t e ly  res to red  b y  t he  ca lc ium 
c o n t a i n i n g  reper fus ion  m e d i u m  in t he  5 con t ro l  hear t s .  
I n  con t ras t ,  w h e n  t he  reper fus ion  f lu id  c o n t a i n e d  l a n t h a -  
num,  con t rac t i l e  a c t i v i t y  was no t  ev i den t  du r ing  t he  
reper fus ion  desp i te  t he  presence  of n o r m a l  c o n c e n t r a t i o n s  
of calc ium.  The  u p t a k e  of ca lc ium in a r e p r e s e n t a t i v e  
e x p e r i m e n t  in  wh ich  con t rac t i l e  force was res to red  b y  
reper fus ion  w i t h  t h e  so lu t ion  c o n t a i n i n g  5 mEq/1  ca lc ium 
is shown  in F igure  1 A. S u b t r a c t i o n  of t he  e f f luen t  ca lc ium 
concen t r a t i on ,  [Ca]~, f rom t h e  ca lc ium c o n c e n t r a t i o n  in 
t he  pe r fusa te  yie lded t h e  curve,  R. C o m p a r t m e n t a l  

ana lys i s  of R yie lded 2 c o m p a r t m e n t s ,  Ca 1 a n d  Ca 2. The  
ana lys i s  was done  as descr ibed  b y  RIGGS 4, a n d  t he  
s e p a r a t i o n  of t h e  2 c o m p a r t m e n t s  was based  en t i r e ly  on 
s t a t i s t i c a l  c r i t e r ia  to  min imize  t he  b ias  i n h e r e n t  in  t h e  
usual  g raph ica l  ana lys i s  t echn ique .  The  r e l a t ionsh ip  
be tween  t h e  a c c u m u l a t i o n  of ca lc ium b y  t h e  2 c o m p a r t -  
m e n t s  a n d  t he  r e s to r a t i on  of con t r ac t i l e  force is s h o w n  in 
F igu re  2. I t  is c lear  t h a t  t he  r e t u r n  of con t r ac t i l e  force was 
n o t  l inea r ly  r e l a t ed  to  t he  a c c u m u l a t i o n  of ca lc ium b y  
Ca~, a n d  moreove r  t h a t  th i s  pool  was fi l led to  capac i t y  
ear ly  in  t he  reper fus ion .  However ,  t he  r e s t o r a t i o n  of 
con t r ac t i l e  force was d i rec t ly  r e l a t ed  to t he  q u a n t i t y  of 
ca lc ium a c c u m u l a t e d  b y  Ca 2 d u r i n g  reper fus ion  (Figure  2). 
The  m e a n  coeff ic ient  of cor re la t ion ,  ~, b e t w e e n  t he  2 
va r i ab le s  for t he  5 h e a r t s  was 0.93 ( P  < 0.01). Th i s  
suggests  t h a t  t he  ca lc ium c o n t a i n e d  in Ca 2 is d i r ec t ly  
r e l a t ed  to  t he  m a i n t e n a n c e  of con t r ac t i l e  force in  t h e  
hea r t .  I n  sha rp  con t ras t ,  w h e n  t h e  r epe r fus ion  f lu id  
c o n t a i n e d  5 a M  l a n t h a n u m  in a d d i t i o n  to  t h e  n o r m a l  
c o n c e n t r a t i o n  of calc ium,  con t r ac t i l e  force was no t  
r e s to red  (Table).  F u r t h e r m o r e ,  in  t h e  presence  of I an tha -  
n u m  the  ca lc ium u p t a k e  curve,  R, could be  resolved in to  
on ly  a single c o m p a r t m e n t  (Figure  1B).  The  m e a n  half -  
t i m e  for ca lc ium u p t a k e  b y  t h e  single c o m p a r t m e n t  d id  
no t  differ  s ign i f i can t ly  ( P  > 0.05) f rom t h e  m e a n  ha l f t ime  
for  t h e  u p t a k e  of ca lc ium b y  Ca 2 in t h e  h e a r t s  no t  t r e a t e d  
w i t h  l a n t h a n u m  (Table).  Since ne t  ca lc ium u p t a k e  b y  Ca~ 
in  b o t h  t he  con t ro l  a n d  l a n n t h a n u m  t r e a t e d  h e a r t s  ap-  
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Fig. 1. The characteristics of calcium uptake in typical hearts perfusedin the absence and presence of lanthanum. Panel A) Control experi- 
ment in which contractile force was restored by reperfusion with Hepes solution containing 5 mEq/1 calcium. [Ca]z represents the calcium 
concentration measured in the effluent during the reperfusion. R is the least squares best fit line for the difference curve, 5.0 mEq/1 - [Ca]~. 
Ca 1 and Ca 2 are the 2 calcium compartments resolved by graphicaI analysis. Panel B) The uptake of cMcium in the presence of 5 p.M/1 
lanthanum. Contractile force was not restored and Ca 1 could not be resolved by compartmental analysis of [Cain. 
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The effect of 5 ~tM lanthanum on calcium uptake and on the restoration of contractile force in calcium depleted hearts 

1 4 4 7  

Control (5) Lanthanum (5) 

Ca 1 Ca2 Ca1 Ca2 

T~/2 (sec) 5.6 4- 1.7 ~ 46.2 4- 6.2 -- 33.4 4- 7.9 

Calcium content (mEq/kg tissue wet wt.) 0.92 4- 0.13 2.87 4- 0.33 -- 3.96 4- 0.38 b 

Contractile force (g) 19.1 4- 3.1 0 

Figures in parentheses indicate the number of hearts. ~Mean -4- S.E. b Differs significantly from control (P < 0.05). 

p roached  a s t eady  s t a te  a t  app rox ima te ly  the  same ra te  2, 
the  calcium t aken  up p rdbab ly  en tered  the  same pool, Ca~. 
Thus,  on the  basis of flits cri terion,  Ca1 was absen t  in the  
calcium up take  curve in l a n t h a n u m  t r ea t ed  hear ts .  The 
q u a n t i t y  of calcium t a k e n  up by  Ca 2 dur ing  reperfus ion 
in the  presence  of 5 a M  l a n t h a n u m  was grea te r  (P  < 0.05) 
t h a n  the  qun t i t i y  of calcium t aken  up by  Ca 2 alone, b u t  
was no t  s igni f icant ly  d i f fe rent  (P  > 0.05) f rom the  to ta l  
q u a n t i t y  of calcium (Ca~ + Ca2) by  the  contro l  hearts .  

I t  can be concluded f rom these  resul ts  t h a t  5 ~M 
l a n t h a n u m  blocked the  up t ake  0f calcium by  Ca 1 bu t  no t  
by  Ca 2, and  moreover ,  when  calc ium up take  in to  Ca 1 was 
blocked,  cont rac t i le  force was no t  res tored  even t hou g h  
s ignif icant ly  more  calcium was t aken  up by  Ca~. Since th is  
concen t ra t ion  of l a n t h a n u m  has  been shown to  have  l i t t le  
or no effect  on electr ical  ac t iv i ty  in the  m y o c a r d i u m  3, 
these  resul ts  ind ica te  t h a t  there  are a t  least  2 pools  of 
calc ium involved  in t he  process  coupl ing exc i ta t ion  to  
con t rac t ion  in the  hear t .  Firs t ,  a c o m p a r t m e n t  which  we 
have  ident i f ied  as Ca~, and  have  shown to  be necessary,  
b u t  no t  suff ic ient  by  itself, to  ma in t a in  cont rac t i le  force. 

Second, a smaller  calcium c o m p a r t m e n t ,  Ca 1, whose  
calc ium co n t en t  was no t  re la ted  d i rec t ly  to  t he  res tora-  
t ion of cont rac t i le  force, bu t  which  was absolu te ly  essen- 
t ia l  to  t he  coupl ing process  in cardiac muscle.  One possible 
i n t e rp re t a t i on  of these  resul ts  is t h a t  t he  calc ium con- 
t a ined  ill Ca t in some way  media tes  the  release of calcium 
f rom Ca~ which  in t u r n  ac t iva tes  the  cont rac t i le  mechan-  
ism. A mechan i sm similar  to  th is  has  been  proposed  for 
skeletal  muscle  where  i t  has  been  shown t h a t  the  release 
of ac t iva to r  calcium f rom the  sarcoplasmic  re t icu lum of 
sk inned  skeletal  muscle  fibres is a regenera t ive  process  
in i t i a ted  by  free calcium in t he  b a t h i n g  solutionS, 6. 
P r e s u m a b l y  the  free ion represen ts  calcium l ibera ted  f rom 
the  sa rco lemma and  t r ansve r se  t ubu la r  sys t em by  
depolar iza t ion  of the  cell. According to  th is  hypothes is ,  
t he  free calcium t h e n  ' t r iggers '  t he  release of re t icular  
calcium to ac t iva te  the  contrac t i le  mechan i sm 7. However ,  
one can only  conclude f rom the  p re sen t  resul ts  t h a t  t he  2 
calcium pools, Ca 1 and  Ca2, are b o t h  in t ima te ly  involved 
in t he  coupling process in the  hea r t  and t h a t  the i r  roles in 
th is  sys t em are different .  
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Fig. 2. The relationship between the accumulation of calcium during 
reperfusion by Ca I and Ca 2 and the restoration of contractile force. 
The mean coefficient of correlation, r, between the accumulation of 
calcium by Ca 2 and restoration of contractile force for the 5 hearts 
was 0.93. 

Zusammen/assung. Es wird  angenommen ,  dass min-  
des tens  zwei F rak t ionen  yon  intrazel lul / i rem Kalz ium am 
Kupplungsprozess  zwischen Re izung  und  K o n t r a k t i o n  
des Herzens  bete i l ig t  sind. 
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N e u r o h u m o r a l  R e g u l a t i o n  of  M o t i l i t y  and  B l o o d  F l o w  in  the  C o l o n  

The ext r ins ic  nervous  contro l  of colonic mo t i l i t y  and  
blood flow has  recen t ly  been  s tud ied  t. Elect r ica l  s t imula-  
t ion  and reflex ac t iva t ion  of the  pelvic nerves  p roduce  an 
in tense  f lushing of the  mucosa  ill t i le d is ta l  two th i rds  of 
the  colon. Corresponding  in t ime  wi th  th is  mucosal  f lush 

there  is a ma rk ed  b u t  t r ans i en t  increase of venous  out f low 
and  co n co mi t an t l y  witt l  the  vasod i la ta t ion  a mncoid  
secret ion.  I n t r a v e n o u s  admin i s t r a t i on  of a t rop ine  (1 mg /  
kg) did no t  s ignif icant ly  in terfere  wi th  t he  vasodi la t ion  
and  the  mot i l i ty  response  ind ica t ing  t h a t  bott l  m igh t  be 


