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Cardiac Muscle Cells Communicate in Life, but Fail 
to Give a Message of their Decay (Engelmann, 1875) 

Silvio Weidrnann 

Department of Physiology, University of Berne, Buhlplntz 5, CH-3012 Berne, Switzerland 

The t i t l e  o f  t h e  p resen t  paper  i s  a f r e e  t r a n s l a t i o n  o f  t h e  conc lus ions  

drawn 105 yea rs  ago by Engelmann ( 7 ) .  H i s  o r i g i n a l  t e x t  reads "Der Process des 

Absterbens b r e i t e t  s i c h  n i rgends  von Z e l l e  zu Z e l l e  aus, sondern beschrankt  

s i c h  a u f  d i e  d i r e k t  angegr i f f enen  Z e l l e n ,  nachwe is l i ch  auch i n  den F a l l e n ,  wo 

d i e  Z e l l e n  wahrend des Lebens i h r e n  Erregungszustand e inander  du rch  Kon tak t  

m i t t h e i l e n " .  I s h a l l  r e f e r  t o  " d i r e c t  c o n t a c t "  f i r s t ,  t hen  t o  "demarcation". 

CELL-TO-CELL CONTACT 

Authors o f  textbooks,  u n t i l  t h e  l a t e  1 9 6 0 ' ~ ~  desc r ibed  h e a r t  muscle as a 

morpho log ica l  syncyt ium (e.g. S e l k u r t ,  13; Schneider, 12). The p ropaga t ion  o f  

t h e  c a r d i a c  impulse was exp la ined  i n  t h e  same way as t h e  p ropaga t ion  o f  e x c i t a -  

t i o n  i n  nerve.  I n  1954, w i t h  t h e  advent  o f  h i g h  r e s o l u t i o n  e l e c t r o n  microscopy, 

S j o s t r a n d  and Andersson( l4)  desc r ibed  c a r d i a c  muscle as be ing  composed o f  w e l l  

d e f i n e d  i n d i v i d u a l  c e l l s ,  t h e i r  r e g i o n s  o f  c o n t a c t  ( i n t e r c a l a t e d  d i s k s )  be ing  

s p e c i a l l y  o rgan ized  c e l l  boundar ies.  

There was much d i s p u t e  b e f o r e  t h e  v iew now g e n e r a l l y  accepted was f i r s t  

mentioned 1970 i n  a s t u d e n t s '  t ex tbook  by  Davson ( 3 ) :  a " f u n c t i o n a l  syncyt ium" 

w i t h  l ow  e l e c t r i c a l  c e l l - t o - c e l l  r e s i s t a n c e  b u t  a h i g h  r e s i s t a n c e  between t h e  

e x t r a c e l l u l a r  f l u i d  and t h e  i n s i d e  o f  eve ry  s i n g l e  c e l l .  

T h i s  v iew  r e s t s  on t h e  f o l l o w i n g  l i n e s  o f  ev idence.  

1 )  Measuring t h e  s p a t i a l  decay o f  a sub th resho ld  p o t e n t i a l  d i f f e r e n c e  s e t  

up by membrane c u r r e n t  r e s u l t s  i n  a s o - c a l l e d  space c o n s t a n t  ( A )  o f  t h e  o r d e r  

of 1 mm, i . e .  o f  severa l  t imes  t h e  l e n g t h  o f  a s i n g l e  c e l l ,  0.1 mm (e.g. 15, 

1 7 ) .  Th i s  r e s u l t  i s  p o s s i b l e  o n l y  i f  c e l l s  a r e  coupled by l ow- res i s tance  

j u n c t i o n s .  
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2 )  A propagating impulse i n  a bundle of f rog  a t r i a l  muscle can " jump"  a 
region of membrane made inexc i tab le ,  provided the  ex t r ace l lu l a r  longitudinal 
conductance i s  given a minimal value ( 2 ) .  This i s  in pr inc ip le  the  " s a l t  bricdge 
experiment" f i r s t  performed in 1930 w i t h  the alga Ni t e l l a  by Osterhout and 
Hill  ( l o ) ,  who showed t h a t  propagation along an exc i tab le  cable requi res  
moderately low ext ra -  and i n t r a c e l l u l a r  longitudinal res i s tances .  

3 )  The ion most important a s  a c a r r i e r  of e l ec t r i ca l  charge within the  

in t race l  l u l a r  compartment ( K + )  has been shown t o  d i f fuse  from ce l l  - to-cell  (18) 

A bundle of f i b r e s ,  l e s s  than 1 mm in diameter and 7-10 mm in length ,  was 
placed in a double chamber (F ig .  1 ) .  One par t  was superfused w i t h  42K-Tyrode 
so lu t ion  (charging compartment), t he  o ther  par t  continuously washed by non- 
rad ioac t ive  Tyrode. A t  the  end of several hours, when s teady-s ta te  d i f fus ion  
was reached, t he  bundle was rinsed w i t h  non-radioactive so lu t ion  and frozen 
in l i qu id  N2. Sl i ces  of equal length were counted f o r  r ad ioac t iv i ty .  The 
spa t i a l  d i s t r ibu t ion  of 42K, together with a knowledge of t he  inf lux  and ef f lux  
r a t e  constants,  lead t o  the following r e s u l t s :  ( i )  K+-permeability of t he  

t t 
charge discharge 

I 

Fig. 1 .  Upper panel: Muscle bundle in a double chamber. Arrows indica te  net 
movement of t r ace r .  Lower panel: Theoretical curves i l l u s t r a t i n g  s teady-s ta te  
42K d i s t r ibu t ion .  The s teeper  curve is  drawn f o r  a space constant of 1 .3  mm, 
t h e  f l a t t e r  one f o r  h = 2.2 mn. These two space constants correspond t o  the  
extreme values found experimentally with 20 bundles. From r e f .  18. Inse t  of 
lower panel ind ica tes  ce l l  length of Purkinje f i b r e s  drawn t o  sca l e .  
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i n t e r c a l a t e d  d i s k s  s e p a r a t i n g  a d j o i n i n g  c e l l s  i s  l e s s  than  1/5000 o f  K+-permea- 

b i l i t y  o f  t h e  s u r f a c e  membrane, and ( i i )  t h e  e l e c t r i c a l  r e s i s t a n c e  t o  t h e  f l o w  

of K+-current  i s  3 Ohm o r  l e s s  f o r  one cm o f  d i s k  membrane. 2 

4 )  T race r  molecules o f  v a r i o u s  mo lecu la r  volumes, e i t h e r  r a d i o a c t i v e  o r  

f l uo rescen t ,  can be i n t r o d u c e d  i n t o  t h e  i n t e r n a l  compartment o f  a c a r d i a c  

muscle s t r i p  by  c u t t i n g  i n  a Ca++-free s o l u t i o n ,  l e t t i n g  t h e  t r a c e r s  e n t e r  and 

subsequent ly  s e a l i n g  w i t h  Ca++-containing s o l u t i o n  ( see  below).  So f a r ,  quan- 

t i t a t i v e  d i f f u s i o n  s t u d i e s  have been made u s i n g  tetraethylammonium+, f l u o r e s -  

ce ina te - ,  c y c l i c  AMP, P roc ion  Yel low3-  and d i g o x i n .  P e r m e a b i l i t y  c o e f f i c i e n t s  

of these t r a c e r s  f a l l  r a t h e r  s t e e p l y  w i t h  i n c r e a s i n g  m o l e c u l a r  we igh t  (19 ) ,  

by  more than  two o rde rs  o f  magnitude f rom tetraethylammonium (M.W. = 130) t o  

d i g o x i n  (M.W. = 800). 

5 )  The s t r u c t u r e  o f  t h e  i n t e r c a l a t e d  d i s k  i s  h i g h l y  complex (see 9 ) .  The 

g r e a t e r  p a r t  o f  t h e  narrow gap between t h e  two c e l l  membranes i s  e a s i l y  pene- 

t r a t e d  by  t r a c e r s  o f  e x t r a c e l l u l a r  space, such as horse r a d d i s h  peroxydase. 

One o f  t h e  t ypes  o f  s p e c i a l i z e d  i n t i m a t e  c e l l  c o n t a c t s  i s  o f  i n t e r e s t  i n  t h e  

p resen t  connexion: t h e  nexus membrane. T h i s  s t r u c t u r e  occupies about  10 % o f  

t h e  t o t a l  area o f  t h e  d i s k  membrane ( 1 1 )  and i s  composed o f  a hexagonal ar range-  

ment o f  subun i t s  ( 9 ) .  There i s  ev idence sugges t i ve  o f  t h e  e x i s t e n c e  o f  

(aequous?) pores spannirlg t h e  nexal membrane, t h e i r  d iamete r  be ing  es t ima ted  

a t  1-1.5 nm ( 9 ) .  The dimensions o f  one o f  t h e  l a r g e s t  m o l e c u l a r  spec ies known 

t o  d i f f u s e  f rom c e l l - t o - c e l l ,  P r o c i o n  Yellow, a r e  0.5 x 1 x 2.7 nm (19 ) .  A t  

present ,  t h e r e f o r e ,  t h e  agreement between s t r u c t u r a l  and f u n c t i o n a l  f i n d i n g s  

i s  s a t i s f a c t o r y .  

EVIDENCE FOR DEMARCATION BETWEEN S U R V I V I N G  AND DECAYING CELLS 

1 )  Engelmann ( 7 )  had observed t h a t  damaged c e l l s  undergo con t rac tu re ,  

w h i l e  ne ighbour ing  c e l l s  p rese rve  t h e i r  normal h i s t o l o g i c a l  appearance as w e l l  

as t h e  a b i l i t y  t o  c o n t r a c t  upon s t i m u l a t i o n .  Baldwin ( l ) ,  i n  an e l e c t r o n  m ic ro -  

scop ica l  s tudy,  desc r ibed  damaged c e l l s  as "opaque" and showed a membrane 

between damaged and undamaged c e l l s ;  t h i s  membrane i n  a l l  l i k e l i h o o d  corresponds 

t o  t h e  s i t e  o f  t h e  former i n t e r c a l a t e d  d i s k .  

2 )  As judged by t h e  r e c o r d i n g  o f  r e s t i n g  p o t e n t i a l s  and o f  i n p u t  r e s i s t a n c e  

c l o s e  t o  a r e g i o n  f r e s h l y  damaged, t h e  process o f  h e a l i n g  ove r  (demarcat ion)  

r e q u i r e s  t h e  presence o f  Ca++ i o n s  i n  t h e  b a t h i n g  s o l u t i o n  ( 4 ) .  
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F i g .  2 .  
membrane potential  and membrane res i s tance  a r e  monitored. There i s  f u l l  recovery 
(demarcation) within a minute i f  the  bathing so lu t ion  contains calcium. From 
r e f .  4 .  

Purkinje f i b r e  of a sheep heart  damaged by a l a s e r  pulse.  Resting 

3 )  Iontophoreses of Ca++ and Sr++ in to  c e l l s  through i n t r a c e l l u l a r  micro- 
e lec t rodes  de-couples card iac  c e l l s  from one another ( 5 ) .  The same gradual 

and pa r t ly  revers ib le  uncoupling can be shown t o  r e s u l t  from 02-lack (20)  o r  
metabolic poisoning ( 6 ) .  

4 )  While the  comnon denominator f o r  demarcation, a s  well as f o r  uncoupling, 

i s  generally believed t o  be a c r i t i c a l  level of f r e e  ca cium facing the  nexal 

membrane, the  s i t u a t i o n  a t  present i s  complex: Intracel u l a r  appl ica t ion  of 

Na+ and H+ a l so  induce uncoupling ( 6 ) ,  an experimental f a c t  t h a t  must be taken 
in to  consideration i n  any fu tu re  attempts t o  analyze the phenomenon. 

5 )  To know more about t he  sequence of events following coronary a r t e r y  
occlusion would obviously be des i rab le .  I t  i s  evident from histochemical pic- 

t u re s  t h a t  in a l a t e r  s tage  o f  occlusion (1 hour) t he  boundary between sur- 
viving and decaying t i s s u e  is sharp and in t e rd ig i t a t ed  ( e .g .  8 ) ,  a s  i f  a 
given ce l l  i n  the border region would e i t h e r  be located too f a r  from in t ac t  
t i s s u e  and therefore  per i sh ,  o r  e l s e  survive by metabolic contact w i t h  i t s  
surviving neighbours. 

Acknowledgement: I wish t o  express my g r a t i t u d e  t o  Professor Torsten 
Teore l l ,  who, in 1947/48, introduced me t o  the  alga Ni te l la  and taught me to  
record action po ten t i a l s  and membrane impedance (16 ) .  
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