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Relaxation in atrial and ventricular myocardium: 
activation decay and different load sensitivity 
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Summary 

Isolated atrial and ventricular preparations from rat heart have been compared. In  
atrial specimens relaxation is faster than in papillary muscles both in isometric and 
isotonic conditions. In  papillary muscles the tension decay occurs earlier in isotonic 
than isometric contractions and a stretch applied at or after the peak of isometric 
twitches promotes a faster relaxation: this load dependence of relaxation is less 
pronounced in atrial specimens. The decay of activation, evaluated from the decline 
of the muscle shortening ability, is faster in atr ium than in ventricle. These findings 
suggest that the sensitivity of relaxation to the loading conditions might be deter- 
mined  by both the activation decay rate and the cross bridge kinetics. 
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I n t r o d u c t i o n  

A n u m b e r  of b i o c h e m i c a l  (6, 29) a n d  m e c h a n i c a l  (16, 27, 28) d i f f e r e nc e s  
b e t w e e n  a t r ia l  a n d  v e n t r i c u l a r  m y o c a r d i u m  h a v e  b e e n  r e c e n t l y  d e s c r i b e d .  
I n  pa r t i cu l a r ,  e v i d e n c e  t h a t  t h e s e  t i s sue s  e x h i b i t  d i f f e r en t i a l  r e l a x a t i o n  
p r o p e r t i e s  has  b e e n  p r o v i d e d  b y  C o u t t e n y e  et  al. (5). T e n s i o n  d e c a y  in  
a t r ia l  s p e c i m e n s  is fas ter  a n d  less  i n f l u e n c e d  b y  load  or l e n g t h  c h a n g e s  as 
c o m p a r e d  to t he  ven t r i c l e .  

A l o a d - i n d e p e n d e n t  r e l axa t ion ,  a s s o c i a t e d  w i t h  a low ra te  of a c t i v a t i o n  
d e c a y  s e c o n d a r y  to a s low ra te  of c a l c i u m  u p t a k e ,  ha s  b e e n  d e s c r i b e d  in  
f rog v e n t r i c l e  (4), i n  s m o o t h  m u s c l e  (25) a n d  i n  m a m m a l i a n  m y o c a r d i u m  
af te r  i n t e r v e n t i o n s  l e a d i n g  to i m p a i r e d  f u n c t i o n  of t he  s a r c o p l a s m i c  
r e t i c u l u m  (18, 23). Howeve r ,  a s low a c t i v a t i o n  d e c a y  in  a t r ia l  m u s c l e  is 
r a t h e r  u n l i k e l y ,  s i nce  the  t e n s i o n  d e c l i n e  d u r i n g  r e l a x a t i o n  is fast. 

T h e  p u r p o s e  of the  p r e s e n t  s t u d y  is to r e e x a m i n e  t he  c o m p a r i s o n  
b e t w e e n  a t r ia l  a n d  v e n t r i c u l a r  r e l a x a t i o n  a n d  to c lar i fy  t he  m e c h a n i s m  
r e s p o n s i b l e  for  t he  sma l l  load  s e n s i t i v i t y  as we l l  as for t he  h i g h  ra te  of 
r e l a x a t i o n  in  a t r i a l  m y o c a r d i u m .  

M e t h o d s  

The experiments were carried out on papillary muscles and on two kinds of atrial 
preparations (trabeculae from the inner  surface of the left atrial appendage and the 
whole left appendages). The preparations were isolated from 2-month-old male 
Wistar rats. 

This work was partially supported by a grant of M.P.I. 
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Criter ia  for  se lec t ion  of su i table  papi l lary  m u s c l e s  were:  

1) a c ross - sec t iona l  area l ower  t h a n  1 m m  2 and  
2) a rat io b e t w e e n  res t ing  a n d  d e v e l o p e d  t ens ion  lower  t h a n  0.25 (12, 15). 

In  atrial  t r abecu lae  the  c ross - sec t iona l  area was  a lways smal l  (less t h a n  0.7 m m  2) 
a n d  was  calcula ted,  like in papi l lary  musc les ,  f rom a m e a n  d iamete r ,  by  a s s u m i n g  
tha t  t he  p r e p a r a t i o n s  h a d  a cyl indr ica l  shape.  The  c ross -sec t iona l  area  of atrial  
a p p e n d a g e s  was  diff icul t  to evaluate,  d u e  to the i r  c o m p l e x  s h a p e  r e s e m b l i n g  a 
shell:  two  t h i n  (about  0.3 ram) m u s c u l a r  walls  s u r r o u n d e d  u p w a r d s  a n d  d o w n w a r d s  
a cen t ra l  cavity.  Therefore ,  in t he  p r e s e n t  s tudy,  the  c ross - sec t iona l  area  of t he  
a p p e n d a g e s  was  ca lcu la ted  by  a d d i n g  the  c ross-sec t iona l  areas  of t h e  u p p e r  a n d  
lower  walls,  m e a s u r e d  in  t h e  m i d d l e  of t he  p repa ra t ion  (a r ec t angu la r  sec t ion  was  
a s sumed) .  W h e n  the  c ross - sec t iona l  area  of the  a p p e n d a g e s  was  ca lcu la ted  in th is  
way,  t he  no rma l i zed  res t ing  a n d  d e v e l o p e d  t en s io n s  of atrial t r abecu lae  a n d  ap p en -  
dages  w e r e  f o u n d  to  be  qu i te  similar:  th i s  con f i rms  the  val idi ty of t he  p r o c e d u r e  
uti l ized.  

D u e  to the  t h i n n e s s  of the  t r abecu lae  and  of the  a p p e n d a g e  walls,  t he  o x y g e n  
supp ly  to  t h e  f ibers  was  u n d o u b t e d l y  suff ic ient  for bo th  atrial p r e p a r a t i o n s  (12). 

The  d i m e n s i o n s  of t he  p r e p a r a t i o n s  ( length a n d  m e a n  d i ame t e r  for the  papi l la ry  
m u s c l e s  and  t h e  atrial  t rabeculae ,  length ,  w i d t h  and  wall  t h i cknes s  for t he  ap p en -  
dages)  w e r e  m e a s u r e d  by  a m i c r o p h o t o g r a p h i c  me t h o d .  The  m e a n  va lues  a n d  
s t a n d a r d  er rors  of t he  geomet r i ca l  charac te r i s t i cs  of t he  p repara t ions  are r e p o r t e d  in  
tab le  1. 

His to logical  e x a m i n a t i o n s  w e r e  car r ied  out  on all k inds  of p repara t ions :  atrial  
s p e c i m e n s  n e v e r  s h o w e d  the  regu la r  and  paral lel  f iber  a r r a n g e m e n t  of the  papi l la ry  
musc le s ,  e v e n  t h o u g h  in t h e  t r abecu lae  the  f ibers  s e l d o m b r a n c h e d  and  w e r e  m o s t l y  
long i tud ina l ly  o r ien ted .  

Atrial  and  ven t r i cu la r  s p e c i m e n s  w e r e  m o u n t e d  in a t h e r m o r e g u l a t e d  b a t h  (26 ~ 
con t a in ing  K r e b s  b i c a r b o n a t e  so lu t ion  b u b b l e d  wi th  a gas m i x t u r e  of 5 % CO 2 in  02. 
The  m u s c l e s  w e r e  t ied  to  a force  t r a n s d u c e r  (S ta tham G 1.5-300) a n d  to a l ight  
i so ton ic  lever,  f i t ted  w i t h  a pho toe l ec t r i c  d i s p l a c e m e n t  t ransducer .  

In  a f i rs t  g roup  of e x p e r i m e n t s ,  t h e  i so tonic  lever,  m a d e  by  a p e r s p e x  rod ( length  
= 45 ram),  was  m o u n t e d  on  a hor izonta l  s teel  axis,  w h i c h  was  p ivo ted  on  s tee l  
bear ings .  Load ing  of t he  lever  was  ach ieved  by  s t r e t ch ing  a spr ing  coil, a t t a ch ed  in a 
p o i n t  ve ry  c lose  to t he  fu lc rum.  S ince  s o m e  stat ic  fr ict ion could  be  o b s e r v e d  d u r i n g  
t h e  c o n s t a n t  load  s h o r t e n i n g  a n d  l e n g t h e n i n g  p h as e s  of af ter load i so tonic  cont rac-  
t ions  (the c h a n g e s  in  t h e  t e n s i o n  app l i ed  was  less  t han  50 rag), in a s eco n d  g r o u p  of 
e x p e r i m e n t s  t he  lever  was  m o u n t e d  on  a th in  s ta inless-s teel  wire  (d i ame te r  
0.25 ram,  l e n g t h  40 cm). L o a d i n g  of th is  l ever  was  ach ieved  by  twis t ing  the  t h in  s tee l  
wire.  W h e n  a m u s c l e  s h o r t e n e d  aga ins t  th is  lever,  a l - ram d i s p l a c e m e n t  of the  lever  
gave  an  angula r  m o v e m e n t  of 1 ~ 20" c o r r e s p o n d i n g  to abou t  12 mg  load r educ t ion .  
S ince  i so tonic  r e l e n g t h e n i n g  was  assoc ia ted  wi th  oppos i t e  load ch an g es  w i t h  t he  
two  k i n d s  of lever  (dec rease  wi th  t he  fo rmer  and  increase  wi th  the  latter), d i f f e r en t  
r e l axa t ion  cha rac te r i s t i c s  cou ld  be  e x p e c t e d  (4). However ,  l ikely due  to t he  smal l  
a m o u n t  of load var ia t ions ,  no  s ign i f ican t  change  in l e n g t h e n i n g  ve loc i ty  and  i somet -  
ric r e l axa t ion  was  found .  The re fo re  t he  resu l t s  f rom the  two g roups  of e x p e r i m e n t s  
w e r e  poo l ed  toge ther .  

The  i so tonic  lever  was  con t ro l l ed  by  a s ix-wat t  l o u d s p e a k e r  coil a n d  a p p r o p r i a t e  
m e c h a n i c a l  s top  dev ices  to  enab l e  i sotonic  sho r t en ing  after  an initial  i some t r i c  
p h a s e  ( isotonic  q u i c k  release)  or s t r e t ch ing  of t he  p repa ra t ions  at  a p r e s e l e c t e d  t i m e  
du r ing  a twi tch .  

S t imul i  w e r e  de l ive red  at a ra te  of 3/rain f rom p l a t i n u m mult i f i le  e lec t rodes .  
S igna ls  f rom the  t r a n s d u c e r  were  d i sp layed  on  a s torage  osc i l loscope  (HP 1201 A), 

p h o t o g r a p h e d  a n d  s to red  in a t ape  r eco rde r  (Tandberg  115) for s u b s e q u e n t  analysis ,  
w h i c h  was  car r ied  ou t  w i th  a t w o - c h a n n e l  m e m o r y  uni t  (Kemo 1024 AM) f eed ing  an  
XY r e c o r d e r  (Bryans  29000 A3). 
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In  each  e x p e r i m e n t ,  fo l lowing  a s tabi l izat ion pe r iod  du r ing  w h i c h  t h e  m u s c l e  was  
gradua l ly  e longa t ed  to r each  Lm~ • ( the l eng th  at w h i c h  t e n s i o n  o u t p u t  is m a x i m u m )  
1) i somet r ic  and  af ter load isotonic  con t r ac t ions  were  r eco rded ,  
2) t h e  e f fec t  on  the  t e n s i o n  decay  of smal l  (2.5-4 % L~a~) s t r e t ches  app l i ed  at  va r ious  

t i m e s  du r ing  the  con t rac t ion  was  ana lysed ,  and  
3) i so tonic  qu ick  re leases  w e r e  app l i ed  to  the  p r epa ra t i ons  at d i f fe ren t  t imes  d u r i n g  

an i somet r i c  tw i t ch  in o rde r  to ob ta in  an e s t i ma t e  of t he  t ime  cour se  of t he  
ac t iva t ion  decay.  
The  cha rac te r i s t i c s  of b o t h  the  lever  s y s t e m s  ut i l ized in  t h e  p r e s e n t  s t u d y  did no t  

al low a cr i t ical  d a m p i n g  of osci l la t ions,  especia l ly  w h e n  t h e  t e n s i o n  s t eps  d u r i n g  
qu ick  re leases  w e r e  r a the r  large. S ince  osci l la t ions  can  deac t iva te  t he  con t rac t i l e  
s y s t e m  (2, 10) t he  s lope  of t he  ac t iva t ion  decay  curves  f o u n d  m i g h t  be  par t ia l ly  
i nc reased  by  e x p e r i m e n t a l  artifacts.  

R e s u l t s  a n d  d i s c u s s i o n  

T a b l e  1 s u m m a r i z e s  t h e  m e c h a n i c a l  p a r a m e t e r s  o f  i s o m e t r i c  t w i t c h e s  a t  
Lm~• a n d  26 ~ 

N o  s i g n i f i c a n t  d i f f e r e n c e  c a n  b e  o b s e r v e d  b e t w e e n  t h e  m e c h a n i c a l  
p e r f o r m a n c e s  of  t h e  t w o  a t r i a l  s p e c i m e n s .  O n l y  t h e  r e l a x a t i o n  p h a s e  
s e e m s  t o  b e  s l i g h t l y  f a s t e r  i n  t h e  t r a b e c u l a e  t h a n  i n  t h e  a p p e n d a g e s ;  t h i s  
m i g h t  b e  a t t r i b u t e d  t o  t h e  h i g h e r  t h i c k n e s s  o f  a t r i a l  a p p e n d a g e s .  

W h i l e  t h e  r e s t i n g  t e n s i o n  is  s i m i l a r  i n  a t r i a l  a n d  v e n t r i c u l a r  p r e p a r a t i o n s ,  
a t r i a l  s p e c i m e n s  d e v e l o p  a b o u t  1/4 t h e  t e n s i o n  g e n e r a t e d  b y  p a p i l l a r y  
m u s c l e s .  T h i s  o b s e r v a t i o n  a g r e e s  w i t h  t h a t  r e p o r t e d  f o r  c a t  (5) a n d  d o g  (28) 
h e a r t s .  T h e  d i f f e r e n c e s  i n  d e v e l o p e d  t e n s i o n  m i g h t  b e  a c c o u n t e d  f o r  b y  
t h e  l a r g e r  e x t r a c e l l u l a r  s p a c e  (22), t h e  l o w e r  m y o f i l a m e n t  m a s s  (21) a n d  t h e  

Table  1. P a r a m e t e r s  m e a s u r e d  in i somet r ic  t w i t c h e s  and  d i m e n s i o n s  of atrial and  
ven t r i cu l a r  p r epa ra t i ons  at Lma x and  26 ~ Each  s p e c i m e n  was  cha rac te r i zed  by  the  
va lues  of weigh t ,  Lm~ • and  c ross -sec t iona l  area  (CSA). E a c h  t w i t ch  w a s  charac-  
te r ized  by  the  m e a s u r e m e n t  of res t ing  t e n s i o n  (RT), d e v e l o p e d  t e n s i o n  (DT), l a t ency  
t i m e  (Lt), t ime- to -peak  t en s ion  (tPT) a n d  the  t ime  w h e n  d e v e l o p e d  t en s i o n  
d e c r e a s e s  to 30 % of its peak  value  (t30); t30 is c o n s i d e r e d  as an i n d e x  of d u ra t i o n  of 
t he  w h o l e  tw i t ch  or of re laxa t ion  a lone  w h e n  t ime- to -peak  t en s i o n  is sub t rac ted ,  dT/ 
d t ( + )  a n d  dT/d t ( - )  ind ica te  the  m a x i m u m  rate  of t e n s i o n  r ise  or  decl ine ,  r espec-  
t ively. 

Atrial  Atrial  Papi l la r  
a p p e n d a g e s  t r abecu lae  m u s c l e s  
n =  12 n = 6  n = 2 0  

Weight  m g  5.77 • 0.91 3.50 -+ 0.20 4.21 
Lma X m m  4.18 • 0.35 3.15 • 0.32 4.81 
CSA m m  2 0.72 • 0.05 0.48 • 0.07 0.74 
RT raN/ ram 2 5.60 • 0.70 6.00 • 1.50 6.98 
DT n~N/mm 2 11.70 • 1.60 12.20 • 1.60 48.07 
Lt  m s e c  17.40 _+ 0.90 16.60 • 0.50 17.30 
tPT  m s e c  74.50 _+ 2.30 72.80 • 1.40 184.20 
t30 m s e c  133.70 • 3.70 126.70 4- 5.10 395.80 
dT/d t  (+) m N / m m  2 sec 280.60 _ 36.0 331.70 i 56.3 446.50 
dT/d t  (-) r aN/ ram 2 sec  162.00 • 15.6 196.70 • 29.3 201.00 

• 0.28 
+_ 0.15 
• 0.04 
_+ 0.66 
• 3.09 
• 0.4O 
+_ 4.20 
• 14.9 
• 30.5 
_--_ 12,7 
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h i g h e r  c o n t e n t  in  c o n n e c t i v e  t i s sue  (28) of the  a t r ia l  m y o c a r d i u m .  T h e  less  
o r d e r e d  f ib re  a r r a n g e m e n t  a n d  the  p r o b a b l y  g rea te r  a m o u n t  of i n t e r n a l  
s h o r t e n i n g  (20) m i g h t  c o n t r i b u t e  to r e d u c e  the  t e n s i o n  d e v e l o p i n g  a b i l i t y  
of t he  a t r ia l  s p e c i m e n s .  

As far as the  t i m e  cou r se  of the  i somet r i c  t w i t c h  is c o n c e r n e d ,  w h i l e  the  
l a t e n c y  t i m e  is v i r t u a l l y  e q u a l  in  b o t h  p repa ra t i ons ,  c o m p a r i s o n  of t ime- to -  
p e a k  t e n s i o n  a n d  of r e l a x a t i o n  i n d e x  t30 ( m e a s u r e d  f rom the  s t i m u l u s  to 
t he  t i m e  d u r i n g  r e l a x a t i o n  w h e n  d e v e l o p e d  t e n s i o n  reaches  30 % of its 
i s o m e t r i c  p e a k  va lue)  i nd i ca t e s  t ha t  the  atr ia l  tw i t ch  is t h ree  to four  t i m e s  
as fas t  as the  v e n t r i c u l a r  one:  th is  f i nd ing  is s imi l a r  to t ha t  o b t a i n e d  in  ca t  
a n d  dog  hea r t s  (5, 28). 
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Fig. 1. Experimental  tracings of isotonic afterloaded contractions (performed at 
L.~a• and 26 ~ of a papillary muscle (A) and an atrial trabecula (B). Force-velocity 
relationship (C) and load-peak velocity of relaxation curve (D) obtained from 
afterloaded contractions in atrial (open symbols, n =  11) and ventricular (filled 
symbols, n = 13) preparations at Lm, • and 26~ Data from atrial trabeculae and 
whole appendages are pooled together. 
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While  the  s lopes  of t ens ion  dec l ine  are  s imi la r  in  b o t h  t i ssues ,  the  
t ens ion  r ises  fas ter  in pap i l l a ry  musc le ;  however ,  if the  d i f f e rences  in 
d e v e l o p e d  t en s ion  are  t a k e n  into  cons ide ra t ion ,  the  re la t ive  s p e e d  of 
t ens ion  r ise or dec l ine  is h ighe r  in a t r i u m  than  in the  vent r ic le ,  as  r e p o r t e d  
by  K o r e c k y  a n d  Michae l  (16). 

F i g u r e  1 shows  the  charac te r i s t i c s  of i so ton ic  tw i t ches  of a t r ia l  and  
ven t r i cu l a r  p repa ra t ions .  At r i a l  s p e c i m e n s  ( t r abecu lae  and  a p p e n d a g e s  are  
p o o l e d  toge ther )  r each  a h ighe r  ve loc i ty  d u r i n g  b o t h  the  s ho r t e n i ng  a n d  
the  l e n g t h e n i n g  phases .  The  r e l a t i onsh ip  b e t w e e n  the  to ta l  l oad  a n d  the  
sho r t en ing  ve loc i ty  d e t e r m i n e d  f rom a f te r load  con t r ac t i ons  sugges t s  t ha t  
the  m a x i m u m  ve loc i ty  of sho r t en ing  is two  to t h ree  t imes  g rea t e r  in  t he  
a t r i u m  than  in  the  ventr ic le .  The  l o a d - p e a k  ve loc i ty  of r e l axa t ion  curve  
(fig. 1D) d r a w n  acco rd ing  to S t r o b e c k  et  al. (26) ind ica t e s  a four fo ld  differ-  
ence  in l e n g t h e n i n g  ve loc i ty  b e t w e e n  a t r ia l  and  ven t r i cu l a r  m y o c a r d i u m .  

The  load  d e p e n d e n c e  of r e l axa t ion  can  be  ana lyzed  b y  c o m p a r i n g  the  
cour se  of t en s ion  dec l ine  in i some t r i c  tw i t ches  and  in i so ton ic  cont rac-  
t ions  w i th  va r i ab l e  af ter load.  F i g u r e  1A shows  tha t  the  l a rge r  the  e x t e n t  of 
ac t ive  shor ten ing ,  the  ear l ie r  is the  r e l axa t i on  of pap i l l a ry  musc les :  the  
t r ac ings  of i somet r i c  r e l axa t i on  phase s  at  d i f fe ren t  loads  are  we l l  sepa-  
r a t ed  in  t ime.  The  r e l axa t ion  of a t yp i ca l  a t r ia l  t r a b e c u l a  (fig. 1B) s e e m s  to 
be  less  a f fec ted  b y  the  a m p l i t u d e  of ac t ive  shor ten ing ,  as a l r e a dy  r e p o r t e d  
b y  C o u t t e n y e  et  al. (5): the  r e co rd ings  of t ens ion  decay ,  t h o u g h  sepa ra t ed ,  
a re  qu i te  c lose  to  each  other .  The  s ame  b e h a v i o u r  is o b s e r v e d  in  w h o l e  
a t r ia l  a p p e n d a g e s .  
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Fig. 2. Relationship between the index of relaxation duration (t30) and the amplitude 
of active shortening in isotonic afterloaded contractions of atrial (open symbols, 
n =  11) and ventricular (filled symbols, n=20) preparations. Data from atrial 
trabeculae and whole appendages are pooled together, t30 is expressed as percent of 
its value in the isometric twitch, t30IM. A L is expressed as percent Lma x. 
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Fig. 3. Effect of small stretches applied to a papillary muscle (left panel) and an 
atrial appendage (right panel). Note that in the papillary muscle a stretch, carried 
out near the peak of the isometric response, promotes an earlier and faster relaxa- 
tion. This effect, though present, is less pronounced in the atrial appendage. 

I n  an a t t empt  to quant i ta te  the degree of load dependence  of the isomet- 
ric relaxation, the relaxat ion index t30 is plotted against the extent  of act ive 
shor tening  dur ing  isotonic afterloaded contractions.  Figure 2 shows the 
results  of this analysis: in atrial and ventricular myocard ium,  t30 decreases  
wi th  increasing active shortening.  However,  for any given degree of active 
shortening,  the decrease in t30 is significantly greater in the papil lary 
musc le  than  in a t r ium (data f rom trabeculae and whole appendages  are 
pooled  together). This f inding may  be considered a quanti tat ive represen- 
ta t ion of the different  load sensitivity of the two tissues. 

The different sensitivity of atrial and ventricular  relaxation to load or 
length  changes  can be  conf i rmed by compar ing  the effects on tens ion 
decay  of small  qu ick  stretches applied to the preparat ions near the peak  of 
an  isometr ic  response.  The ampl i tude  of the quick stretches (2.5-4 % Lmax) 
cor responds  to 25-30 rim/half sarcomere,  that  is sufficient to break  the 
a t tached cross br idges  (8, 11), when  series elasticity is taken into account .  
F igure  3 shows that  in papillary muscle  a stretch, applied at the peak of the  
isometr ic  twitch, p romotes  a relaxation earlier and faster than  that  
observed  w h e n  the  s t retch is applied at the beginning of the contrac t ion as 
a l ready repor ted  (1, 3, 7, 17). The enhancemen t  of the relaxation rate, due  
to the stretch, is less evident  in the atrial appendage.  

I n  papi l lary muscle ,  cons tant  load elongation (afterloaded contract ions)  
and high veloci ty  lengthening (quick stretches) can accelerate the tension 
decay  by  breaking  the  cross bridges, which  cannot  be re-at tached since 
the act ivat ion level has already declined (4). In  line with this model ,  the 
small  load sensitivity found  in atrial preparat ions might  be explained by  a 
relatively slower decay of the activation. This explanat ion seems to be 
suppor t ed  by  the  f inding that  Ca 2+ uptake  by the sarcoplasmic re t icu lum 
is slower in atrial as compared  to the ventr icular  cells (6). However,  the fast 
tens ion  decay  in isometric contract ions and the h igh re lengthening veloc- 
ity in isotonic contract ions,  found in atria (see table and fig. 1D), suggest  a 
ra ther  fast act ivat ion decay  in these preparations.  A compar i son  be tween  
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Fig. 4. E v a l u a t i o n  of t h e  t i m e  c o u r s e  of t h e  a c t i v a t i o n  in  pap i l l a ry  m u s c l e  a n d  a t r ia l  
p r e p a r a t i o n s .  
Top  a n d  m i d d l e  d i a g r a m s  r e p r e s e n t  typ ica l  r e s p o n s e s  of t h e  s p e c i m e n s  to r e l eases  
f rom i s o m e t r i c  to  l igh t ly  l o a d e d  i so ton ic  con t r ac t i ons .  L o w e r  d i a g r a m s  s h o w  t h e  
m e a n  t i m e  c o u r s e  ( m e a n s  a n d  s t a n d a r d  e r ro r s  of 8 e x p e r i m e n t s  for  e a c h  k i n d  of 
p r e p a r a t i o n )  of t h e  i some t r i c  r e s p o n s e s  a n d  of t h e  ac t iva t ion .  T i m e  is e x p r e s s e d  as  a 
f r ac t i on  of  t he  t i m e - t o - peak  t ens ion .  T h e  m e c h a n i c a l  r e s p o n s e  is c h a r a c t e r i z e d  b y  
t he  t e n s i o n  in p e r c e n t  of i ts  i some t r i c  p e a k  value.  T h e  a c t i v a t i o n  is e v a l u a t e d  f rom 
the  ve loc i ty  of s h o r t e n i n g ,  m e a s u r e d  a t  t he  s a m e  l e n g t h  a n d  load,  fo l lowing  t h e  
q u i c k  re leases ,  a n d  it is e x p r e s s e d  as p e r c e n t  of i ts  p e a k  value.  In  all  t h e s e  
e x p e r i m e n t s  t h e  in i t ia l  l e n g t h  of t h e  m u s c l e s  w as  Lma• t h e  l e n g t h  a t  w h i c h  s h o r t e n -  
ing  ve loc i ty  was  m e a s u r e d  was  92.59 +_ 0.71 for  t h e  pap i l l a ry  m u s c l e s  a n d  92.98 + 
1.31 for  a t r ia l  p r e p a r a t i o n s  (bo th  t h e s e  l e n g t h s  a re  m e a s u r e d  in  % Lm,• t he  to ta l  
l oad  to w h i c h  t h e  m u s c l e s  w e r e  r e l ea sed  we re  19.37 _+ 2.85 for  t h e  pap i l l a ry  m u s c l e s  
a n d  35.82 ~ 3.29 for t h e  a t r ia l  p r e p a r a t i o n s  ( b o t h  t h e s e  loads  are  m e a s u r e d  in  % of 
t he  i s o m e t r i c  p e a k  to ta l  t ens ion) .  

t h e  t i m e  c o u r s e  o f  a c t i v a t i o n  d e c a y  i n  v e n t r i c u l a r  a n d  a t r i a l  m u s c l e s  i s  
i l l u s t r a t e d  i n  f i g u r e  4. T h e  a c t i v a t i o n  l e v e l s  a r e  m e a s u r e d  f r o m  t h e  s h o r t e n -  
i n g  a b i l i t y  o f  t h e  m u s c l e s  r e l e a s e d  a g a i n s t  l o w  l o a d s  a t  d i f f e r e n t  t i m e s  
d u r i n g  a n  i s o m e t r i c  c o n t r a c t i o n :  s h o r t e n i n g  v e l o c i t i e s  a r e  m e a s u r e d  a t  
d i f f e r e n t  i n s t a n t s  b u t  a t  t h e  s a m e  l e n g t h  (9). I n  b o t h  t i s s u e s ,  t h e  a c t i v a t i o n  
l e v e l  i s  v i r t u a l l y  z e r o  e a r l y  d u r i n g  r e l a x a t i o n  o f  t h e  i s o m e t r i c  r e s p o n s e .  
W h e n  t h e  t i m e  i s  m e a s u r e d  a s  a f r a c t i o n  of  t h e  t i m e - t o - p e a k  t e n s i o n ,  t h e  
r e l a t i v e  r a t e  o f  a c t i v a t i o n  d e c a y  i s  e q u a l  o r  f a s t e r  i n  a t r i a l  t i s s u e  t h a n  i n  
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ventr ic le .  Obvious ly ,  w h e n  the  t ime  is m e a s u r e d  in abso lu te  value,  act iva-  
t ion  dec l ines  ear l ie r  and  faster  in atr ial  p repara t ions .  The  conc lus ions  
d r a w n  f rom this  c o m p a r i s o n  are only par t ia l ly  af fec ted by  the t echn ica l  
l im i t a t i ons  r e p o r t e d  in the  "Methods"  section;  in fact the osc i l la t ions  due  
to the  insuf f ic ien t  lever  d a m p i n g  can acce lera te  the  decay  of the  shor ten-  
ing ab i l i ty  m o r e  in the  vent r ic le  than  in the a t r ium,  in wh ich  the  t ens ion  
s teps  are  smal ler .  

The  fas t  ac t iva t ion  decay,  found in atrial  muscle ,  wh ich  is a p p a r e n t l y  in 
con t ras t  w i th  the  observa t ion  of a low Ca 2+ u p t a k e  (6) by  a scarce ly  
d e v e l o p e d  s a r cop l a smic  r e t i cu lum in atr ial  cells (19), can be e x p l a i n e d  by  a 
smal l  a m o u n t  of Ca 2+ re leased  and/or  by  the smal l  size of a t r ia l  myocy te s :  
in cel ls  w i th  a large  sur face /vo lume ratio, the  re la t ive  i m por t a nc e  of the  
t r a n s s a r c o l e m m a l  Ca 2+ exchange ,  versus  the  in t racel lu lar  Ca 2+ u p t a k e  in 
r e d u c i n g  in te rna l  Ca 2+ concen t ra t ion  migh t  be greater  (24). 

Therefore ,  in o rde r  to exp la in  the  di f ferent  load sens i t iv i ty  of atr ial  and  
ven t r i cu l a r  re laxa t ion ,  a factor  o ther  than  ac t iva t ion  decay  m u s t  be con- 
s idered .  A sugges t ion  can  be given by  a s imple  c ross -br idge  m o d e l  (13, 14), 
w h e r e  the  chance  to re form cross br idges  b roken  by  a s t re tch  or by  
i so ton ic  r e l axa t i on  d e p e n d s  not  only on the ac t iva t ion  level in tha t  ins tan t  
b u t  also on the  c ross -b r idge  tu rnover  rate. A faster  c ross -br idge  t u r n o v e r  
ra te  in a t r ia l  m y o c a r d i u m  is s u p p o r t e d  by  the  f inding of h igher  A T P a s e  
ac t iv i ty  (29) and  h ighe r  shor ten ing  veloci ty  (fig. 1 and ref. 27) in this  t issue:  
th is  m a y  p r o v i d e  an e x p l a n a t i o n  for the  lower  sensi t iv i ty  of atr ial  myocar -  
d i u m  to load  or l eng th  changes  dur ing  relaxat ion.  

The  c o m p a r i s o n  b e t w e e n  atr ial  and ven t r icu la r  m y o c a r d i u m  sugges t s  a 
m o r e  gene ra l  cons ide ra t ion  on the m e c h a n i s m  governing  the r e l axa t ion  
process :  the  e longa t ion  of a musc le  at or after the peak  of the con t rac t ion  
e n h a n c e s  the  t ens ion  dec l ine  (sensi t ivi ty of re laxa t ion  to load or l eng th  
changes)  on ly  w h e n  the  c o m b i n e d  effect of the  ac t iva t ion  decay  rate  and  of 
the  c ross -b r idges  a t t a c h m e n t  rate  cons tan t  makes  smal l  the  chance  to 
r ea t t ach  new cross  b r idges  (as in the  ventricle).  Load  d e p e n d e n c e  of 
r e l axa t ion  m a y  be a b s e n t  or smal l  when  ac t iva t ion  decay rate  is low (e.g., 
af ter  caffe ine  add i t ion :  18, 23) or when  a rap id  fall in act ivat ion is coun-  
t e r a c t e d  b y  a h igh  c ross -br idge  tu rnover  rate  (as in the  atrium). 

An  add i t i ona l  fac tor  tha t  may  expla in ,  at  least  in part,  the  d i f ferent  load  
sens i t iv i ty  of a t r ia l  and  ven t r i cu la r  musc le  is the  a rch i tec tura l  s t ruc tu re  of 
these  p repa ra t ions .  The less  o rdered  fibre a r r angemen t  in atr ial  spec imens  
m i g h t  cause  a la rger  in te rna l  movement ,  wh ich  could  p r om o t e  an acceler-  
a t ed  d e c a y  of t ens ion  also in i sometr ic  contract ions .  This  would  min imize  
the  effects  of e x t e r n a l  movemen t s .  However ,  no d i f ference  in the  load 
sens i t iv i ty  of r e l axa t ion  can be d e m o n s t r a t e d  be tween  atrial  t r abecu lae  
and  a p p e n d a g e s ,  wh ich  have  very  dif ferent  f ibre or ientat ion.  

Zusammenfassung 

In der vorliegenden Arbeit wird die Mechanik iso|ierter Muskelpr~%parate yore 
Vorhof und Ventrikel des Rattenherzens verglichen. Bei Vorhofpr~paraten beginnt 
der Erschlaffungsproze~ unter isometrischen und isotonischen Bedingungen 
fr~her als beim Papillarmuskel. Bei Papillarmuskeln tritt der Abfall der Spannung 
unter isotonischen Bedingungen fr0her in Erscheinung als bei isometrischen Kon- 
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t r a k t i o n e n ;  e ine  S t r e c k u n g  z u m  Z e i t p u n k t  d e r  i s o m e t r i s c h e n  Gipfe lze i t  o d e r  
d a n a c h  v e r u r s a c h t  s c h n e l l e r e  E r sch l a f fung .  D ie se  A b h ~ n g i g k e i t  d e r  E r s c h l a f f u n g  
y o n  de r  L a s t  i s t  be i  Vorhofp r~ ipa ra t en  w e n i g e r  ausgepr~igt.  D e r  R f i c k g a n g  d e r  
A k t i v i e r u n g ,  b e w e r t e t  a u f g r u n d  de r  a b n e h m e n d e n  V e r k f i r z u n g s f ~ h i g k e i t  de s  Mus-  
kels ,  e r fo lg t  b e i m  V o r h o f  s c h n e l l e r  als b e i m  Ven t r ike l .  Die  E r g e b n i s s e  l a s s e n  
v e r m u t e n ,  da/3 d ie  A b h ~ n g i g k e i t  d e r  E r s c h l a f f u n g  v o n  d e n  B e l a s t u n g s b e d i n g u n g e n  
s o w o h l  d u r c h  die  G e s c h w i n d i g k e i t  de s  A k t i v i e r u n g s r i i c k g a n g s  als  a u c h  d u r c h  die  
Q u e r b r ~ c k e n k i n e t i k  b e s t i m m t  wird .  
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