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Modern methods of reparat ive su rgery  of the blood vesse ls  enable the patency of the main a r t e r i e s  of 
the lower l imbs to be res to red  comparat ively  quickly after acute occlusion. However, operat ive r evascu la r -  
ization is not always effective, i schemic changes in the skeletal muscles  are p rogress ive ,  and under these 
conditions amputation of the affected limb cannot be avoided [3-6, 8, 15]. 

Development and implementation of t imely ahd effective cor rec t ion  of acute ischemia of the l imbs would 
undoubtedly be aided by knowledge of the dynamics: of the s t ructural  and metabolic changes taking place in 
skeletal muscles  during acute occlusion of the main arteries.* Data in the l i tera ture  on this problem do not deal 
with the problem as a whole, but only with certain of its aspects,  and as a rule,  they do not give an objective 
and quantitative evaluation of the morphological  changes discovered [1, 7, 10, 12, 14]. 

The aim of this investigation was a combined quantitative morphological  analysis  of changes in the skel- 
etal muscles  during acute ar ter ia l  occlusion of the limbs. 

E X P E R I M E N T A L  M E T H O D  

Skeletal musc les  f rom the leg of 36 dogs weighing 13-18 kg, with experimental  acute occlusion of the 
terminal  part  of the aorta  [2], were studied. The duration of ischemia was 0 (control), 3, 6, 9, and 12 h. Sec- 
tions through the leg muscles ,  after  embedding in paraffin wax, were stained with hematoxylin and eosin, by 
Van Gieson's  Regaud's ,  and L ie ' s  methods, and by the t r ichrome method of Goldner [9, 11]. Microscopic  prep-  
arat ions were studied in ordinary  and polar ized light. Tissue s tereologic analysis of volumes of intact and in- 
jured muscle f ibers  and the edematous s t roma was car r ied  out on sections stained by Regaud 's  method in 10 
fields of vision on the "Struktura" apparatus (Central Design Bureau, Academy of Medical Sciences of the USSR). 
The following histochemical  methods were used: the diaminobenzidine method for myoglobin [13], staining 
with Sudan Black B and Oil Red for phospholipids and neutral fats, the PAS reaction with amylase  control  to 
detect glycogen and neutral glycosaminoglycane.  The enzyme-h i s to log ica l  investigation of the soleus muscle  
was undertaken on frozen section 10 # thick. Activity of the following enzymes was determined by the usual 
methods [11]: succinate (SDH), isoci t rate  (ICDH), malate (MDH), ~-giycerophosphate  (~-GPDH), lactate (LDH), 
glucose-6-phosphate  (G-6-PDH), glutamate (GDH), and fi-hydroxybutyrate (fi-HBDH) dehydrogenases;  NAD- 
and NADP-diaphorases ,  alkaline and acid phosphatases (AlP and AcP respectively),  myosin ATPase ,  and phos-  
phorylase.  Changes in SDH, LDH, fl-HBDH, NAD, NADP, and ATPase were est imated quantitative on an MIF-7  
integrating photometric  microscope.  In one t r ansver se  section 66 areas  of red and white muscle  f ibers  (R~F 
and WMF respectively) were measured  photometrical ly.  All numerical  data were subjected to stat is t ical  an- 
alysis.  The significance of differences between the values for the pa r ame te r s  was determined by Student 's test.  

EXPERIMENTAL RESULTS 

After ischemia for  3 h damage to the muscle f ibers  was found. Tissue analysis  showed changes in the 
ratio of the relat ive frequency of a reas  of intact and injured f ibers  and s t roma compared with the control.  In 
the control group,  for  instance, the rat io was 67:6:22%, and after  ischemia for 3 h it was 6~.13:24%. The focal 
and more  widespread increase in c ro s s - s t r i a t i on  of the muscle f ibers  will be noted (Fig. la), and in polar ized 
light this was revealed as more  intensive f luorescence of the A-disks.  The t ime course  of cont rae tura[  in- 
jur ies  to the muscle f ibers  could be d i s c e r n e d :  localized a reas  of approximation of the A-disks,  which merged 
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Fig. 1. Structural changes in skeletal muscle in ischemia:  a) increased c r o s s - s t r i -  
afion of muscle  f ibers  (isehemia for  3 h; 200 x); b) contrac tura l  changes in muscle 
f ibers ,  lesion of "contract ion node" type in center  (ischemia for 3 h, 256 x); c) lesion 
of muscle  f iber of "contract ion band" type (ischemia for 6 h, 200 x); d) muscle fiber 
with merging of A-disks  in center  of field, muscle f ibers  with c i rcumscr ibed  foei of 
myocytolys is ,  and with loss of anisotropic s t ruc tures  alongside it ( ischemia for 6 h, 
256 x); e) cont rac tures  and fragmentat ion of muscle f ibers  (isehemia for 9 h, 256 x); 
f) discoid necros i s  of muscle fiber (ischemia for 12 h, 256 • a, b, c, f) Stained by 
Regaud 's  method, d, e) stained with hematoxylin and eosin, polarized light. 

with one another. Contractural  injuries of the "contract ion node" type were c lear ly  identified in sections 
stained by Regaud 's  method (Fig. lb). The resul t s  of the qualitative histochemical  investigation showed a de- 
c rease  in the glycogen r e s e r v e s  and myoglobin content. The resul ts  of the quantitative enzyme-h i s tochemica l  
investigation revealed changes in metabol ism of the skeletal muscles  and their adaptation to the conditions of 
acute ischemia.  With a significant (on average by 20-30%) decrease  in activity of enzyme of the Krebs cycle 
and of protein and lipid catabolism, as well as of diaphorases,  the r e se rve  pathway for production of high-en- 
e rgy  compounds (anaerobic glycolysis)  became activated, as was confirmed by an increase of 21% in LDH ae- 
tivity in RMF and of 15% in W ~ F .  An indirect  morphological  sign of s t ructural  adaptation of the muscle fi- 
bers  during ischemia lasting 3 h was their  c lear  differentiation into different types, i.e., identification of RMF 
and WiVIF, the relat ive percentages  of which agreed with the control (46% of R ~ F  and 54% of W1V[F). 

Significant s t ructura l  and metabolic changes in the skeletal muscles  were found after ischemia for 6 h, 
i.e., wha tmanyinves t iga to rs  consider  to be the cr i t ical  period [10, 12, 14]. The resul ts  of t issue stereologic 
analysis  ref lect  p rog res s ion  of the lesion and edema of the skeletal muscles .  The relative frequency of a reas  
of intact and injured f ibers  and of edema was 56:19:24%. The qualitative charac te r  of the lesions also was 
changed: Besides construotural  lesions of the "contraction node" type, longer "contraction bands" began to 
appear (Fig. lc), and were charac te r ized  by more  intense staining, homogenization, a waxy appearance and 
disappearance of t r ansve r se  s t ructures .  Examination of the sections in polar ized light revealed, besides con- 
t rac tura l  lesions,  signs of myocytolysis ,  typified by disappearance of the anisotropic s t ruc tures  and the for-  
mation of c i r cumscr ibed  a reas  of isotropic mater ia l  (Fig. ld). Reversibi l i ty  of the lesion in cer tain muscle 
f ibers  was indicated by the diffuse PAS-posit ive staining of their  sarcoplasm,  which was not removed by 
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Fig. 2. Changes in enzyme activity in skeletal muscle f ibers  during acute [schemia 
(256 • a) Phosphorylase  activity in control much higher in WMF than in RMF; b) 
sharp decrease  in phosphorylase activity during ischemia for 6 h, different types of 
muscle f ibers  not distinguishable (Takeushi 's  method); c) ATPase  activity in control  
is much higher in WMF than in RMF; d) sharp fall in ATPase  activity during ischemia 
for 9 h, different types of muscle fibers cannot be identified, ATPase activity [~ wall 
of arteriole still preserved (Padykula's method); e) marked increase in AmP activity 
during ischemia for 9 h (Burstone's method); f) fall in NADP-dlaphorase activity after 
[schemia for 12 h (Hess' method). 

pre l iminary  t reatment  with amylase.  The glycogen and myoglobin concentrat ions in the sarcoplasm fell sharp-  
ly, and at the same time, there was an increase in the concentrat ions of phospholipids and neutral fats, evi- 
dence of the commencing destabilization of the int racel lular  s t ructures .  Quantitative enzyme histoehemical  
investigation revealed a g rea te r  decrease  in activity of enzymes of the Krebs cycle and of protein and lipid 
catabolism (on average by 45-60%) compared  with the control. Anaerobic glycolysis  in the skeletal muscle 
after ischem[a of the l imbs for 6 h is no longer effective, as shown by  the decrease  of 5% in LDH activity in 
RMF and by 15% in WMF compared with the control. ATPase  activity was 68% lower in RMF and 63~ lower 
in WMF. Because of the sharp fall in phosphorylase activity in WMF (Fig. 2a, b) the muscle f ibers  could no 
longer be co r rec t ly  typed [n sections stained by Goldner 's  t r i chrome method after  ischemia for 6 h. P r o g r e s -  
sion of the changes in the [schemic muscle  f ibers  and disturbance of their  s t ructural  and metabolic features  
of heterogeneity were accompanied by increased activity of a lysosomal  enzyme, namely AcP. On the whole, 
the functional morphology of the skeletal muscle  after ischemia for 6 h suggests  the possibi l i ty of collapse of 
the intracel lular  mechanisms of homeos tas i s  and the beginning of development of i r revers ib le  changes. 

Considerable changes were found in the isehemic skeletal muscles ,  as r ega rds  both extent and severi ty  
of injury, 9 and 12 h after  acute ocelus[o~ of the termir~al par t  of the aorta. The relat ive frequency of a reas  
of intact and injured muscle f ibers  and of edema was 38:29:28% after  9 h of ischemia and 36:35: 29%, r e s p e c -  
tively, after 12 h of ischemia.  Polar ized light mic roscopy  revealed that contractural  lesions predominated over  
myocytolys is  and mixed fo rms  of lesions, resembling p r i m a r y  fragmentat ion of the muscles ,  were frequently 
o b s e r v e d  and were charac ter ized  by a simultaneous combination of cont rac tures  and myocytolys is  in the same 
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muscle  fiber (Fig. le). A charac te r i s t i c  feature was fragmentation of the damaged areas ,  going on to the de- 
velopment of a picture of discoid necros i s  (Fig. lf). P rogress ion  of the changes was regular ly  accompanied 
not only by increasingly severe  edema, but also by the appearance of small groups of cells consisting of neu- 
trophilic granulocytes  and macrophages .  Glycogen and myoglobin granules could not be determined at these 
t imes in the sarcoplasm of the muscle  f ibers ,  and signs of fat phanerosis  were observed.  Quantitative en- 
zyme histoehem[cal  investigation at these t imes of the experiment revealed a sharp fall in activfty of all de- 
hydrogenases  studied. In par t icular ,  SDH activity in RMF after  ischemia for 9 h was reduced by 80% and in 
WMF by 76%; LDH activity was reduced by 67 and 58%,respectively, compared with the control. After ischemia 
for  12 h, dehydrogenase activity was reduced even more  (Fig. 2f). It was no longer possible to distinguish be- 
tween the types of muscle  f ibers  on the basis  of their  ATPase activity. Total ATPase  activity of RMF and 
WMF after  ischemia for 9 h was 89% lower than in the cofltrol (Fig. 2c, d), and after  12 h of lschemia it was 
91% lower. ATPase  activity was still preserved,  however, in the vessel  walls. Meanwhile, A lP  activity, con- 
cerned in t ranspor t  of metabolites,  was reduced in the endotheliocytes of blood vesse ls  belonging to the mi- 
c roe i rcu la to ry  system. There was a p rogress ive  increase  in A c P  activity in the muscle fibers,  especial ly in 
a reas  of injury (Fig. 2e). 

It is, thus, evidentthat  during a period of isehemia lasting 6 h or  more  widespread metabolic d is turbances  
and s t ructural  changes take place in the skeletal muscles .  Quantitative analysis  revealed substantial d is tur-  
bances of metabol ism in skeletal muscle after 6 h of ischemia, while the volume of affected muscle f ibers  re -  
mains relat ively small.  These observat ions  must  be taken into account when optimal t imes  of res tora t ion  of 
the blood flow in the limbs are determined. 
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