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Summary. Contraction bands usually occur in the intra- 
mural working myocardium following post-ischaemic re- 
perfusion. Irf the subendocardium, however, they are 
found during ischaemia. Thus, we ascertained the con- 
traction states of Purkinje fibres, transitional cells, su- 
bendocardial and intramural parts of the working myo- 
cardium during 30 min global ischaemia at 25 ~ C. The 
effects with and without myocardial protection were 
compared. At the onset of pure ischaemia contraction 
bands are completely lacking in all cell types. During 
pure ischaemia contraction bands are found in all suben- 
docardial cell types but not in the intramural working 
myocardium. A peak of pathological contraction states 
is found in the intramural working myocardium at the 
onset (0 rain), in the subendocardial working myocar- 
dium at 10 rain, in the transitional cells and Purkinje 
fibres at 30 rain of pure ischaemia. Histidine-, trypto- 
phan-, ketoglutarate-enriched (HTK) cardioplegia pre- 
vents contraction bands completely at the onset of 
ischaemia and prevents both contraction bands and 
pathological contraction states during ischaemia almost 
completely. Striking differences in the physiological con- 
traction states are seen only in the working myocardium: 
HTK cardioplegia brings about dominance of relaxation 
during ischaemia. These findings may be due mainly to 
the effects of global ischaemia on the one hand and 
to catecholamines, calcium and oxygen on the other. 
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Introduction 

Contraction bands are a typical sign of myocardial dam- 
age occurring during post-ischaemic reperfusion, but 
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even during prolonged periods of ischaemia contractures 
may be observed (Ganote 1983; Karch and Billingham 
1985; Todd et al. 1985; Armiger and Smeeton 1986; 
Vander Heide et al. 1986; Allen and Orchard 1987; An- 
derson et al. 1987; Elz and Nayler 1988). Generally, con- 
traction bands are reported only in the working myocar- 
dium; however, Armiger et al. (1979) discovered them 
in the trabecula septomarginalis. A transmural gradient 
is found for ischaemic alterations and post-ischaemic 
myocardial dysfunction, with the most severe alterations 
localized subendocardially (Lowe et al. 1983; Anderson 
etal. 1987; Bolli etal. 1989). Similarly, contraction 
bands following sudden cardiac death or due to cate- 
cholamines are situated in the subendocardium preferen- 
tially (Arnold et al. 1985; Todd et al. 1985; Armiger and 
Smeeton 1986). 

Contraction bands can be due to disturbances of the 
microcirculation, or may cause them by compressing 
the capillary bed and increasing coronary resistance to 
the point of "'no reflow" (Appelbaum etal. 1983; 
Bretschneider et al. 1983; Anderson et al. 1987; Schna- 
bel et al. 1987). In the subendocardium, diffusion of oxy- 
gen via the endocardium may partly compensate for low- 
flow or no-flow situations occurring during regional or 
global ischaemia, depending on the myocardial oxygen 
consumption (Bretschneider 1961; Hearse 1988; Geb- 
hard and Bretschneider 1989). Nevertheless, post- 
ischaemic rhythm disturbances can originate from su- 
bendocardial Purkinje fibres (Friedman etal. 1975; 
Gettes 1986). In global ischaemia and following post- 
ischaemic recovery after different forms of cardiac ar- 
rest, contraction bands and striking alterations of the 
contraction state were recently described in these suben- 
docardial Purkinje fibres (Schnabel etal. 1988a, b; 
Ramsauer et al. 1989). In contrast, during ischaemia 
prolonged to the point of reaching irreversibility con- 
traction bands were not found in the intramural working 
myocardium (Schmiedl et al. 1990 a, c). 

Thus, in this study we investigated the contraction 
state of the sarcomeres in the subendocardium qualita- 
tively and quantitatively. The alterations in Purkinje 
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f ibres ,  t r a n s i t i o n a l  cells  a n d  s u b e n d o c a r d i a l  pa r t s  o f  the  

w o r k i n g  m y o c a r d i u m  were  c o m p a r e d  w i t h  the  i n t r a m u -  
ral  w o r k i n g  m y o c a r d i u m .  T h e  p r o p o r t i o n  o f  p h y s i o l o g i -  
cal  a n d  p a t h o l o g i c a l  c o n t r a c t i o n  s ta tes  was  a s c e r t a i n e d  
d u r i n g  30 m i n  o f i s c h a e m i a  (25 ~ C)  w i t h  m y o c a r d i a l  p r o -  
t e c t i o n  ( H T K  c a r d i o p l e g i a )  a n d  w i t h o u t  ( pu re  i schae-  
mia) .  

Materials and methods 

Experimental procedures, anaesthesia, fixation and further process- 
ing of  the samples have been described recently (Schnabel et al. 
1987, 1990a, b; Schmiedl et al. 1990a). Two groups of at least 
five canine hearts were arrested in situ by inflow occlusion, aortic 
cross-clamping and for pure ischaemia by topical cooling with ice- 
cold Tutofusin solution, or (HTK cardioplegia) by 11 rain coronary 
perfusion with Bretschneider's cardioplegic solution HTK at 8 ~ C 
as performed clinically (Preusse et al. 1987). 

The composition of Tutofusin in mmol/1 amounts to 140 NaC1, 
5 KC1, 2.5 CaC12, 1.5 MgC12 (Pfrimmer, Erlangen, FRG);  for 
HTK it is 15 NaC1, 9 KC1, 4 MgClz, 180 histidine, 18 histidine- 
HC1, 2 tryptophan, 1 K-c~-ketoglutarate, 30mannitol (Dr. F. 
Koehler Chemie GmbH, Alsbach, FRG). 

Samples were taken in situ at the onset of ischaemia and follow- 
ing incubation of the left ventricle in the solution employed for 
cardiac arrest after 10 and 30 min of ischaemia at 25 ~ C. Samples 
from the subendocardial third of the free ventricular wall were 
immediately dissected in the fixative with razor blades so that the 
relationship between subendocardial Purkinje fibres, transitional 
cells and working myocardium remained intact as far as possible 
during fixation (Richter et al. 1986; Schnabel et al. 1988a, 1990b). 

Three random sections of three random tissue blocks were eval- 
uated per heart and time point. All qualitative and quantitative 
measurements were carried out on-line with an EM 10 (Zeiss, Ober- 
kochen, FRG) equipped with a TV camera. Following systematic 
random sampling (Weibel 1979), 30 fields per section were analysed 
for the contraction state of the intramural working myocardium 
(in the free left ventricular wall at a distance of 400___ 100 gm from 
the endocardium; Schmiedl et al. 1990a). In the subendocardial 
working myocardium (the first two layers of working myocardium 
adjacent to the Purkinje fibres) and in the subendocardial Purkinje 
fibres, the test system was usually applied 20 times per section, 
because of the limited number of differing cells. In the case of 
the transitional cells, application was sometimes less than this de- 
pending on the quantity of these cells present. 

The analysis of the contraction state was carried out at a final 
magnification of x 14000 using an area of 230 gm z per test field. 
Assessment of the contraction state of the sarcomeres of each test 
field was based on the following classification into five groups : 

1. Relaxation = I-bands present in all sarcomeres. 
2. Contraction = I-bands partially or completely absent, no A-band 
compression. 
3. Overcontract ion-  A-band compression, no actin-myosin clump- 
ing. 
4. Hypercontraction=A-band compression, actin-myosin clump- 
ing present, no ruptures of  the contractile apparatus. 
5. Contraction band = actin-myosin clumping, rupture of the con- 
tractile system, sometimes even rupture of the sarcolemma, nuclear 
membrane or outer mitochondrial membrane. 

Groups 1 and 2 are considered together as physiological con- 
traction states, groups 3, 4 and 5 as pathological states. 

> 

Fig. 1A-C. Subendocardial Purkinje fibres of the left ventricle. A 
HTK cardioplegia, 30 min ischaemia (25 ~ C); B pure ischaemia, 
onset of ischaemia; C pure ischaemia, 30 min ischaemia (25 ~ C). 
x 5600; scale bar = 2/am 



All results are given as mean values _+ SEM unless indicated 
otherwise. Significant differences have been noted for P values 
of 0.05 or less using the Wilcoxon-Mann-Whitney (U) test, for 
unpaired samples or the Student's t-test for paired samples. 

Results 

The ultrastructure and contraction state of the intramu- 
ral working myocardium have been described earlier 
(Schmiedl et al. 1990 a; Schnabel et al. 1990 a). In this 
study the contraction states of the different subendocar- 
dial cell types are demonstrated. 

In subendocardial Purkinje fibres (Fig. 1) the myofi- 
brils are orientated in a three-dimensional network and 
are not always cut longitudinally. Following HTK car- 
dioplegia and 30 min of ischaemia at 25 ~ C (Fig. 1A) 
the sarcomeres are either relaxed, showing narrow I- 
bands or are contracted. Some of the Z-bands show 
irregular thickening typical of normal Purkinje fibres. 
At the onset of pure ischaemia, immediately after aortic 
cross-clamping (Fig. 1 B) some of the Purkinje fibres 
show overcontractions. A-band compression and rela- 
tively homogeneous Z-band thickening are apparent. 
After 30 rain of pure ischaemia (Fig. 1 C) contraction 
bands lead to striking deterioration of the Purkinje fibre 
fine structure. The clumped actin-myosin filaments are 
aggregated in some places and separated by large areas 
free from myofibrils, indicating the rupture of the con- 
tractile system. Moreover, swelling and further alter- 
ations of the mitochondria, as well as clumping of nucle- 
ar chromatin are severely pronounced. 

In transitional cells (Fig. 2) the myofibrils are more 
regularly aligned. HTK cardioplegia and a subsequent 
30 min of ischaemia at 25~ (Fig. 2A) bring about 
clearly relaxed sarcomeres. In the centre of the cell there 
are some Z-band irregularities, seldom found in transi- 
tional cells. Following 30min of pure ischaemia 
(Fig. 2B), many transitional cells show relaxation, 
whereas others (Fig. 2 C) reveal pathological contraction 
states, in this case mainly overcontractions. 

The different cell types in the subendocardium 
(Fig. 3) which are subjected to largely similar ambient 
conditions often show different contraction states. The 
stress of 30 min pure ischaemia at 25 ~ C (Fig. 3 A) brings 
about a contraction in the Purkinje fibres, and a contrac- 
tion or an overcontraction in the transitional cells. After 
10 min of pure ischaemia (Fig. 3B) the Purkinje fibre 
and the transitional cell are contracted, whereas the 
working myocardium is relaxed. There are also differ- 
ences in the preservation of the mitochondria which are 
clearly less altered in the working myocardium. For the 
same period of pure ischaemia (Fig. 3 C) another layer 
of transitional cells reveals contraction in one cell and 
paradiscal overcontractions in the other. The adjacent 
working myocardium shows relaxed or contracted sarco- 
meres. 

In the subendocardial working myocardium (Fig. 4) 
the myofibrils are regularly aligned and tightly packed. 
At the onset of pure ischaemia (Fig. 4A) a considerable 
part of the subendocardial working myocardium is re- 
laxed. After 10 rain of pure ischaemia at 25 ~ C (Fig. 4 B) 

465 

Fig. 2A-C.  Subendocardial transitional cells of the left ventricle. 
A HTK cardioplegia, 30 rain ischaemia (25 ~ C); B pure ischaemia, 
30min  ischaemia (25 ~ C); C pure ischaemia, 30min  ischaemia 
(25 ~ C), x 5600 ; scale bar = 2 g m  



Fig. 3A-C.  Different cell types in the subendocardium of the left 
ventricle. A Purkinje fibre (upper left corner) and transitional cell 
(lower right corner), pure ischaemia, 30 min ischaemia (25 ~ C); B 
Purkinje fibre (upper right corner), transitional cell (middle) and 
working myocardium (bottom), pure ischaemia, 10 min ischaemia 
(25 ~ C); C transitional cell (top) and working myocardium (bot- 
tom), pure ischaemia, 10min ischaemia (25~ x5600; scale 
bar = 2 gm 

Fig. 4A-C. Subendocardial working myocardium of the left ventri- 
cle. A Pure ischaemia, onset ofischaemia; B pure ischaemia, 10 min 
ischaemia (25~ C HTK cardioplegia, onset of ischaemia. 
x 5600; scale bar=2 gm 
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Fig. 5A-D. Contraction states [%] of the different cell types or 
layers of the left ventricular subendocardium during global ischae- 
mia at 25 ~ C: A subendocardial Purkinje fibres; B subendocardial 
transitional cells; C subendocardial working myocardium; [] Re- 

laxation [] Contraction [] Overcontraction [] Hypercontraction �9 
Contraction Band (2, n= 5). D intramural working myocardium; 
[] Relaxation [] Contraction [] Overcontraction [] Hypercontrac- 
tion (2, n = 6). (Isch. = ischaemia, card. = cardioplegia) 

many  sarcomeres are contracted; some show very nar- 
row I-bands. At the onset of  ischaemia immediately after 
H T K  cardioplegia (Fig. 4 C) the subendocardial  working 
myocard ium is largely relaxed. 

For Purkinje fibres (Fig. 5A, Table 1) at the onset 
of  pure ischaemia quantitative examination shows the 
majori ty of  the sarcomeres to be contracted, a much 
smaller proport ion are relaxed, somewhat  fewer are 
overcontracted, and only very few are hypercontracted. 
Ten minutes of  pure ischaemia at 25 ~ C leads to a slight 
increase in relaxed and in pathologically contracted sar- 
comeres. After 30 rain of  pure ischaemia, the number  
of  relaxed and the number  of  pathologically contracted 

sarcomeres (P<0 .05)  have doubled, contracted sarco- 
meres are significantly ( P <  0.01) reduced. 

Immediately following the end of  H T K  perfusion, 
at the onset of  ischaemia, about  equal numbers  of  the 
sarcomeres of  Purkinje fibres are relaxed and contracted. 
Overcontractions and hypercontractions are very seldom 
seen. Thirty minutes of  ischaemia (25 ~ C) after H T K  
perfusion leads to very slight changes: relaxed sarco- 
meres decrease and contracted sarcomeres increase; 
overcontractions are found in less than 1%; hypercon- 
tractions and contraction bands are lacking entirely. 
Thus, compared  to 30 min of  pure ischaemia, H T K  car- 
dioplegia brings about  a significantly higher percentage 
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Table 1. Contraction states of the sarcomeres during global ischaemia at 25 ~ C 

Time of ischaemia [min] 0 10 30 

Pure HTK Pure HTK Pure HTK 
ischaemia cardioplegia ischaemia cardioplegia ischaemia cardioplegia 

Purkinje fibres (n = 5) 

Relaxation 13 _+2 47 -+6 28-+6 47 _+7 36_+10 42 _+7 
Contraction 75 ___8 51 _+5 55_+5 49 _+6 39_+7 58 _+7 
Overcontraction 10 _+7 2 _+0.6 11_+3 3 _+2 12_+4 0.3_+0.3 
Hypercontraction 2 -+1 0.2_+0.2 5___4 1 -+0.7 8+-2 - 
Contraction bands - - t+0 .5  0.3 -+0.3 5+4 - 

Transitional cells (n = 5) 

Relaxation 37 -+16 45 _+16 48_+14 40 _+11 45__12 61 +-10 
Contraction 61 _+15 55 _+16 31-+10 60 -+11 15+6 37 -+10 
Overcontraction 1 _+ 1 - 12 _+ 8 - 6 _+ 3 0.4 _+ 0.4 
Hypercontraction 1 __1 - 5_+5 - 15_+6 0.8_+0.8 
Contraction bands - - 4_+ 4 - 19 _+ 8 0.4_+ 0.4 

Subendocardial working myocardium (n = 5) 

Relaxation 37 -+ 8 50 + 8 25_+ 7 
Contraction 52 _+9 48 +8 51+ 11 
Overcontraction 11 _+7 2 _+ 1 8+2 
Hypercontraction 0.3 _+ 0.3 12 _+ 6 
Contraction bands - - 4_+ 3 

Intramural working myocardium (n = 6) 

Relaxation 6 +_4 31 +8 30+11 
Contraction 71 +7 68 +8 70_+11 
Overcontraction 16 +5 1 _+0.4 - 
Hypercontraction 7 _+ 4 - - 
Contraction bands - 

48 +7 
51 +7 
0.3_+0.3 
0.5+0.5 

65 i l l  
35 +11 

58• 72 •  
27• 25 •  

6 •  2.5• 
6 •  0.5• 
3•  

34+6 72 + 6  
65_+7 28 +6 

1_+0.7 0.1 +0.1 

.e+SZM [%] 

o f  phys io log ica l  fo rms  and  a s ignif icant ly  lower  percen t -  
age o f  pa tho log i ca l  fo rms  o f  c o n t r a c t i o n  (P  < 0.01). 

In  t r ans i t iona l  cells (Fig.  5B, Table 1) a t  the onse t  
o f  pu re  i schaemia ,  m o s t  sa rcomeres  are  con t r ac t ed  and  
a smal le r  p r o p o r t i o n  is re laxed ;  over-  and  hype rco n t r a c -  
t ions  bo th  occur  very inf requent ly .  D u r i n g  10 min  o f  
pu re  i s chaemia  the  ra t io  o f  phys io log ica l  to pa tho l og i c a l  
c o n t r a c t i o n  states  is a b o u t  80 to 20. A 30-min i schaemia  
leads,  on  the one hand ,  to a sl ight  increase  in re laxa t ion ,  
to a decrease  in c o n t r a c t i o n  and  on  the o the r  to a d ras t ic  
increase  in p a t h o l o g i c a l  con t r ac t i on  states.  

In  t r ans i t iona l  cells, H T K  ca rd iop leg ia  at  the onse t  
o f  i s chaemia  comple t e ly  prevents  the occur rence  o f  p a t h -  
o logica l  fo rms  o f  c o n t r a c t i o n :  re laxed and  con t r ac t ed  
sa rcomeres  are  b o t h  seen in a b o u t  equal  amoun t s .  Af t e r  
30 min,  r e l axa t ion  is f o u n d  in a lmos t  two- th i rds ,  con-  
t r ac t ion  in a b o u t  one - th i rd ;  ove rcon t rac t ions ,  hype rcon -  
t r ac t ions  and  c o n t r a c t i o n  bands  are  rare.  

In  the s u b e n d o c a r d i a l  work ing  m y o c a r d i u m  
(Fig.  5C,  Table 1) i m m e d i a t e l y  fo l lowing aor t ic  cross-  
c l a m p i n g  there  is a b o u t  one - th i rd  re laxa t ion ,  o n e - h a l f  
con t r ac t ion ,  some ove rcon t r ac t i on  and  very few hyper -  
con t rac t ion .  Ten minu tes  o f  pure  i schaemia  leads  to a 
decrease  in re laxa t ion ,  no  change  in con t r ac t i on  and  to 
a m a r k e d  increase  in pa tho log i ca l  con t rac t ions ,  especial-  
ly o f  h y p e r c o n t r a c t i o n s  and  con t r ac t i on  bands .  Af t e r  
30 min  o f  pu re  i schaemia ,  the  r e l axa t ion  o f  the sarco-  

meres  has increased  to a lmos t  two- th i rds .  The  cells are  
still c on t r a c t e d  and  ove rcon t r ac t ed  to a b o u t  one- th i rd .  
However ,  we also f ind here h y p e r c o n t r a c t i o n s  and  con-  
t r ac t ion  bands .  

I m m e d i a t e l y  fo l lowing  H T K  ca rd iop leg ia  the  super-  
ficial w ork ing  m y o c a r d i u m  is re laxed and  con t r ac t ed  in 
a lmos t  one -ha l f  and  se ldom overcon t rac ted .  Th i r ty  min-  
utes  o f  i schaemia  br ings  a b o u t  an increase  in r e l axa t ion  
and  a decrease  in con t r ac t ion ,  ove rcon t r ac t ions  and  hy- 
pe r con t r ac t i ons  occur  very  seldom. 

The  sarcomeres  o f  the i n t r a m u r a l  w o r k i n g  myoca r -  
d i u m  (Fig.  5 D,  Table 1) immed ia t e ly  fo l lowing  in i t ia t ion  
o f  pure  i schaemia  are  mos t l y  con t rac ted ,  to a lesser ex- 
tent  ove rcon t r ac t ed  o r  h y p e r c o n t r a c t e d ;  a lesser p r o p o r -  
t ion is relaxed.  Ten minu tes  o f  pure  i schaemia  leads to 
a r e m a r k a b l e  increase  o f  re laxa t ion ,  and  a re la t ive  con-  
s tancy o f  c o n t r a c t i o n ;  pa tho log i ca l  c o n t r a c t i o n  states 
are  no t  found.  Fo l l owing  an  i schaemic  stress o f  30 min  
(25 ~ C), one- th i rd  o f  the  i n t r a m u r a l  hea r t  muscle  cells 
is re laxed  and  two- th i rds  a re  con t r ac t ed ;  on ly  a very 
small  f rac t ion  are  ove rcon t rac ted .  

A t  the  onse t  o f  i s chaemia  af ter  H T K  card iopleg ia ,  
r e l axa t ion  o f  sa rcomeres  is f o u n d  in the i n t r a m u r a l  
w o r k i n g  m y o c a r d i u m  in a lmos t  one- th i rd ,  con t r ac t i on  
in a b o u t  two- th i rds ,  a n d  ove rc on t r a c t i on  in a few cases. 
Af te r  10 min  o f  i s chaemia  r e l axa t ion  occurs  in two-  
th i rds  and  c o n t r a c t i o n  in one- th i rd  o f  the cells. Af te r  
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30 min of ischaemia the relaxation has significantly in- 
creased to more than two-thirds (P<0.02) and the con- 
traction has decreased to less than one-third (P<  0.01); 
overcontractions are found very seldom. 

Thus, the intramural working myocardium, in con- 
trast to the subendocardial layers, shows appreciable 
pathological contraction states only at the beginning of 
pure ischaemia (Fig. 5D). These are significantly re- 
duced by HTK cardioplegia (P<0.02). In the different 
subendocardial cell types (Fig. 1), the peak of pathologi- 
cal contraction states in the course of pure ischaemia 
is reached later and later the nearer the different cells 
lie to the endocardium (Fig. 5 A-C). 

Discussion 

The striking ultrastructural alterations of the Purkinje 
fibres and of the transitional cells during 30 min of pure 
ischaemia are not only pronounced compared with the 
subendocardial working myocardium, but also com- 
pared with the intramural working myocardium 
(Figs. I-4; cf. Schmiedl etal. 1990a; Schnabet etal. 
1990a). The differences in the contraction state of the 
sarcomeres are most obvious (Figs. 5A-D, Table 1). Our 
definitions of the different contraction states are in ac- 
cordance with those of other authors (Bing and Fishbein 
1979; Berry et al. 1981 ; Vanderwee et al. 1981 ; Ganote 
1983; Arnold etal. 1985; Karch and Billingham 1985; 
Todd et al. 1985; Armiger and Smeeton 1986; Vander 
Heide et al. 1986; Baroldi 1988). Most important is the 
electron microscopical differentiation between hyper- 
contractions and contraction bands: in contraction 
bands the actin-myosin clumping brings about ruptures 
of the contractile system, not seen in hypercontraction 
(Karch and Billingham 1985; Armiger and Smeeton 
1986; Vander Heide et al. 1986; Mihatsch 1988). Light 
microscopy cannot clearly distinguish these stages (Ash- 
raf and Rahamathulla 1989). The alterations of the con- 
tractile system are regarded as a very sensitive indicator 
of damage to heart muscle cells, which initially occurs 
inhomogeneously as a focal event (Bing and Fishbein 
1979; Todd etal. 1985; Armiger and Smeeton 1986; 
Schnabel etal. 1987). Thus, different attempts were 
made to quantify defined lesions of the contractile sys- 
tem (Berry et al. 1981 ; Todd et al. 1985; Vander Heide 
et al. 1986; Miyazaki et al. 1987; Ashraf and Rahama- 
tulla 1989). In this study we were able to describe quanti- 
tatively, for the first time, the entire contraction state 
of the different cell types and layers in the subendocar- 
dial region of the left ventricle during global ischaemia 
(other data are published elsewhere - Schnabel et al. 
1990a, b, 1991). 

The changes in the contraction state of the intramu- 
ral working myocardium during ischaemia can be ex- 
plained with the help of the biochemical results 
(Fig. 5D; Schnabel etal. 1990a, b). Overcontractions 
are found only at the beginning of pure ischaemia 
(Schmiedl et al. 1989, 1990b) in combination with high 
creatine phosphate (CP) and adenosine triphosphate 
(ATP) concentrations, which apparently allow the small 

samples of non-suspended myocardium to react to the 
chemical and osmotic stimulus of the fixation solution 
with a strong contraction or even an overcontraction 
(Billingham 1983; Schnabel et al. 1987, 1990b). 

Relatively high concentrations of CP and ATP 
especially in combination with the effects of acidosis and 
other metabolic changes during ischaemia (Elias et al. 
1981) may be responsible for overcontractions as a reac- 
tion to the fixative. They could not, however, be respon- 
sible for the serious contraction bands in Purkinje fibres 
and transitional cells, particularly after 30 rain of pure 
ischaemia (Figs. 1 C, 5A, B; Table 1). There may be a 
connection with a particular sensitivity of Purkinje fibres 
to acidosis and/or glycolytic products (Neely and Gro- 
tyohann 1984; Adamantidis et al. 1986). Interstitially, 
a pH value of about 6.0 is reached after 30 min of pure 
ischaemia (Schnabel et al. 1990a, b). Apart from affect- 
ing the ultrastructure of the capillary endothelium 
(Bretschneider et al. 1983 ; Schnabel et al. 1987) this pH 
may increase the permeability of the endothelial barrier 
for certain toxic substances. 

The pathological overcontractions of subendocardial 
Purkinje fibres in the course of pure ischaemia observed 
at an overall tissue ATP concentration of 20 gmo1/gow 
of left ventricular myocardium (corresponding to t- 
ATP; Schnabel et al. 1990 a, b) described here are a strik- 
ing but not an exceptional result: the reaction pattern 
for Purkinje fibres shown at t-ATP during pure ischae- 
mia (Figs. 1A, 2C, 5A, B; Ramsauer et al. 1989) and 
following St. Thomas cardioplegia (Schnabel etal. 
1988a, b, 1990b) reminds us very much of the descrip- 
tion of the findings of Trofinov in traumatic shock in 
man (quoted from Doerr 1957). It would seem feasible 
that Purkinje fibres, because of the differences of me- 
chanical stress and myofibrillar organization compared 
with the working myocardium, would react particularly 
strongly to contractile stimuli even in the presence of 
relaxation in the working myocardium (Thornell et al. 
1976; Canale et al. 1983; Schnabel et al. 1988a). 

For those Purkinje fibres which develop contraction 
bands as a sign of irreversible ischaemic damage (Ganote 
1983), a particular noxa must be assumed, since "cutting 
edge lesions" (Todd et al. 1985; Armiger and Smeeton 
1986; Baroldi 1988) can be ruled out because of the 
dissection technique and by very careful presorting of 
the sections. According to Vander Heide et al. (1986) 
the appearance of contraction bands can be based on 
two differing circumstances in heart muscle cells, high 
ATP concentration and calcium overloading, and very 
low ATP concentration and slight mitochondrial ATP 
production which result in the aggravation of rigor com- 
plexes until contraction bands develop. The high degree 
of alteration in the mitochondria in the affected cells 
(swelling of the mitochondria, loss of matrix and cristae 
fragmentation even to cristolysis) seem to point to loss 
of ATP (Schmiedl et al. 1990a; Schnabel et al. 1990b) 
in our study. Lurie et al. (1987) were able to show that 
a decrease in the tissue CP and ATP concentrations in 
the subendocardial working myocardium during super- 
fusion with an oxygenated Tyrode's solution begins at 
a distance of more than 200 gm from the endocardiuna. 
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Oxygen is supplied to the subendocardial cell layers by 
the process of  diffusion. The effectiveness of  this would 
depend on the oxygen consumption of the different cells 
(Bretschneider 1961; Gebhard and Bretschneider 1989). 
Therefore, it is quite possible that a mitochondrial "re- 
sidual aerobiosis" might exist. It is striking that this 
partial aerobiosis of  the marginal layers does not appear 
to be advantageous for the ischaemic tolerance of  these 
structures (Figs. 1-4). 

Major causative factors for the lesions described in- 
clude catecholamines, calcium and oxygen (Singal et al. 
1983; Arnold et al. 1985; Karch and BiUingham 1985; 
Schnabel et al. 1990 b). The lesion is often described fol- 
lowing clinical and experimental situations where ele- 
vated endogenous or exogenous catecholamine levels oc- 
cur, such as in haemorrhagic shock, cardiovascular 
shock, hypoxia, ischaemia, cerebral damage, brain death 
(Arnold et al. 1985; Karch and Billingham 1985; Todd 
et al. 1985; Novitzky et al. 1988). Catecholamines are 
also released in great amounts as a reaction to contin-. 
uously falling blood pressure during inflow occlusion 
and following cross-clamping of  the aorta during the 
earlier phases of  ischaemia (Sch6mig et al. 1984). They 
produce typical contraction bands in certain localiza- 
tions: primarily, in the endocardial third of  the free wall 
of the left ventricle and in the apical position (Arnold 
et al. 1985; Todd et al. 1985). Our samples during the 
1 st h of  global ischaemia were taken at these sites. Ar- 
miger and Smeeton (1986) describe small foci of  contrac- 
tion bands in the subendocardial position which even 
occur after sudden cardiac death without alterations of  
coronary vessels (cf. Todd et al. 1985). A catecholamine 
induced calcium overload can be initiated by pertubation 
of  the sarcolemma (Dhalla et al. 1982; Elz and Nayler 
1988; Ashraf  and Rahamathulla 1989; Yunge etal.  
1989). 

We suggest that the contraction bands which appear 
in the subendocardium during ischaemia can be under- 
stood in the sense of  a developing contraction band ne- 
crosis (Ganote 1983; Armiger and Smeeton 1986). Con- 
traction banding is an energy-dependent process which 
occurs before fixation as a sign of  irreversible injury 
(Vander Heide 1986; Mihatsch 1988). The irreversibility 
of  the contraction bands in Purkinje fibres has also been 
demonstrated by perfusion fixation (Schnabel et al. 
1988c, 1990b). The bands may bring about a local block 
or delay of  conduction forming the basis for ventricular 
arrhythmias (Sandoe and Sigurd 1984; Gettes 1986; 
Hearse 1988). 
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