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Experiments  on cats have shown that the intensity of dilatation of blood vesse ls  in the 
gas t rocnemius  muscle  and the duration of recovery  of their  tone af ter  contraction are  in- 
dependent of the degree of shortening of the muscle,  of the force  developed by it, and of 
the amount of physical  work performed,  and are  determined entirely by the frequency of 
impulses in the motor  f ibers .  The cr i t ical  f requency of impulses at which the contracting 
muscle  compresses  its vesse ls  is the same for isotonic and auxotonic contract ions,  and 
in most  experiments it is about 16 pu l ses / sec .  

The wr i te rs  have previously shown that two patterns of blood supply are  charac te r i s t ic  of auxotonic 
contractions of the cat gas t rocnemius  muscle ,  in which the muscle  shortens initially by overcoming the 
slight mechanical  res is tance ,  but then, encountering an obstruction to fur ther  shortening, develops an iso-  
met r ic  contraction [2, 4]. The f i rs t  of these patterns consists  of an increase  in the blood flow during con- 
t ract ions ,  while the second consists  of a decrease .  Unhindered production of working hyperemia  in the 
course  of contraction can take place only if the frequency of the impulses does notexceed 8-16 pu lses / sec . '  At a 
higher frequency the contract ing f ibers compress  the muscle  vesse ls .  The muscle  then works itseff "into 
debt." This debt is "paid off" af ter  contraction, in the period of postcontract ion hyperemia,  when the initial 
tone of the res is t ive  vesse ls  is res tored .  

Experiments  have shown [2, 4] that the higher the frequency of muscle  contraction, the slower this 
p rocess  takes place. Such a relationship can be regarded as a type of "memory ,"  ensuring that the extent 
of the "debt" is commensura te  with the t ime required to pay it off. F r o m  the standpoint of the c lass ical  
metabolic theory of working hyperemia  [6], the mechanism of such a "memory"  must be concentrat ion of 
the muscle .  In fact, with an increase  in the frequency of impulses the strength of contraction and the amount 
of physical  work done by the muscle  increase .  This is made possible by increased breakdown of various 
compounds. 

At the same time, when the number of contracting f ibers and the frequency of the impulses remain  
constant, the force  developed by the muscle  is determined by the response of its contract i le  system to what- 
ever  prevents  its shortening. If dilator metaboli tes are  products of compounds whose breakdown enables 
the development of force,  in the absence of res is tance  to shortening of the muscle  the formation of such 
metaboli tes will be diminished. In that case, during isotonic contraction of the muscle ,  dilatation of its 
vesse ls  in response to impulses of the same frequency will be less marked than during the development of 
force .  If, however, the dilator metabolites are formed at ea r l i e r  stages of the process  (for example, in 
biochemical  cycles of excitation or  of the linking of excitation with contraction), the responses  of the vessels  
during isotonic contractions will remain  the same as during auxotonie contract ions,  and in both cases  they 
will be determined entirely by the frequency of the impulses.  
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F i g .  1. R e l a t i o n s h i p  b e t w e e n  i n e r e a s e  in outf low of b lood and f r e -  
queney  of p u l s e s  d u r i n g  i so ton i c  c o n t r a c t i o n  of m u s c l e .  F r o m  top to 
bo t tom:  b lood  f low r e c o r d e d  by  d r o p  c o u n t e r  and i n t e r v a l o g r a p h ,  m y o -  
g r a m ,  t i m e  m a r k e r  (2 see )  and m a r k e r  of d u r a t i o n  of p e r i o d  of s t i m u -  
la t ion ;  c u r v e  b e t w e e n  5 and 6 r e p r e s e n t s  a r t e r i a l  p r e s s u r e ;  n u m b e r s  
above  m y o g r a m  g ive  f r e q u e n c y  of s t i m u l a t i o n  ( p u l s e s / s e e ) .  
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F i g .  2. Sho r t en ing  of m u s c l e  (A), 
peak  b lood  f low (B), and a d d i t i o n a l  
b lood  v o l u m e  (C) a s  fune t ions  of f r e -  
quency  of p u l s e s .  M e a n  r e s u l t s  of 7 
e x p e r i m e n t s .  

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

In c a t s  a n e s t h e t i z e d  with u r e t h a n e  and c h l o r a l o s e  (0.5 and 
0.05 g /kg ) ,  the  outf low of b lood f r o m  the  v e i n s  of the  left  g a s t r o -  
c n e m i u s  m u s c l e  was m e a s u r e d  by  m e a n s  of a p h o t o e l e c t r i c  d rop  
c o u n t e r  [3] in r e s p o n s e  to s t i m u l a t i o n  of the  p e r i p h e r a l  end of 
the  d iv ide d  s c i a t i c  n e r v e  with  s q u a r e  p u l s e s  (0.2 m s e c ,  not e x -  
c e e d i n g  5 V). Clo t t ing  of the  b lood was  p r e v e n t e d  by  5% h e p a r i n  
so lu t i on  (0.3 m l / k g  body  weight ) .  F r o m  the  h e r m e t i c a i l y  s e a l e d  
d r o p  c o u n t e r  the  b lood  f lowed into the  f e m o r a l  ve in  of the  o p -  
p o s i t e  limb. In the experiments of series I (4 animals), the force 

of auxotonie contractions of the muscle was measured by means 

of a tensometric sensor element [I, 5]. After each contraction 

the tendo Aehillis was disconnected from the sensor element and 

stimulation of the nerve was repeated with pulses of the same 

frequency, evoking an isotonic contraction of the muscle. The 

frequency of the pulses for each pair of stimuli was doubled. 

The duration of stimulation was 60 see for pulses of a frequency 

of 0.125-I/sec and 30 sec for pulses with a frequency of 2- 

256/sec. Intervals between successive stimuli were 5 or 10-15 

rain for the corresponding frequency ranges. The limb was fixed 

in the position of extension by means of steel pins inserted into 

the distal ends of the femur and tibia and secured by metal 

holders [5]. 

In the experiments of series II (7 animals), only isotonic 

c o n t r a c t i o n s  w e r e  p r o d u c e d ,  the  a m p l i t u d e  of which  was  m e a s u r e d  by  m e a n s  of a r h e o s t a t i c  d e t e c t o r .  I t s  
m e c h a n i c a l  r e s i s t a n c e  was c o m p e n s a t e d  by  a weak  s p r i n g  (20-30 g r e s i s t a n c e ) .  T h e  cond i t ions  of s t i m u l a -  
t ion  w e r e  the  s a m e  as  in the  e x p e r i m e n t s  of s e r i e s  I, excep t  fo r  the  d u r a t i o n  which was 60 s e c  f o r  p u l s e s  
of any  f r e q u e n c y .  

The  v e l o c i t y  of the  b lood  f low was  m e a s u r e d  by  an e l e c t r o n i c  i n t e r v a l o g r a p h ,  and in the  e x p e r i m e n t s  
of s e r i e s  II i t  was  m e a s u r e d  s i m u l t a n e o u s l y  by  the  d r o p  c o u n t e r  ( e v e r y  5 sec ) .  The  p r e s s u r e  in the  c a r o t i d  
a r t e r y  was  m e a s u r e d  by  an e l e c t r o m a n o m e t e r .  The  v a l u e s  w e r e  r e c o r d e d  on an  i n k - w r i t i n g  p o l y g r a p h  and 
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Fig. 3. Degree of compress ion  of vesse ls  during auxotonic (1-4) 
and isotonic (5-8) contract ions at a frequency of 8-64/sec  and dura -  
tion of postcontract ion hyperemia  (9) as functions of pulse frequency. 
F r o m  top to bottom: a r te r ia l  p ressure ,  myograms  (1-4), outflow of 
blood recorded  by intervalograph, t ime m a r k e r  (2 sec), and m a r k e r  
Of duration of period of stimulation. On curve 9, auxotonic con t rac -  
tions are  shown by filled c i rc les ,  isotonic by empty c i rc les .  

the following indices were calculated: 1) the maximal  outflow of blood after  contract ion of the muscle  (the 
peak blood flow); 2) the duration of the period for  r ecove ry  of tone by the blood vesse ls  af ter  the end of con- 
t rac t ion and until res tora t ion  of the original blood flow, i.e., the duration of postcontract ion hyperemia;  3) 
additional blood supply during this period (the sum of the readings of the drop counter); 4) the force;  or  5) 
amplitude of contraction of the muscle .  

E X P E R I M E N T A L  R E S U L T S  A N D  D I S C U S S I O N  

The threshold vasodi la tor  react ion during isotonic contract ions was observed at the same pulse f r e -  
quency as during auxotonic contractions,  namely one pulse every 8 sec (Fig. 1, 1). With an increase  in the 
pulse frequency the rate  of dilatation of the vesse ls  and the degree to which they could reduce their  r e -  
s is tance both increased (Fig. 1, 2-6). The intensity of vasodilatation continued to r i se  up to a f requency of 
8-16/sec  (Fig. 2B), the same as during auxotonic contractions.  Values of the peak blood flow for  the same 
frequencies of stimulation were  pract ica l ly  identical and independent of the type of contract ions.  

The mechanism responsible for  working hyperemia  during contraction of the muscles  thus acts in- 
dep:endently of whether the contract i le  sys tem is compelled to overcome res i s tance  to shortening. 

During contract ions of all f ibers  of the muscle  at a frequency of 4 / sec  under both isotonic and auxo- 
tonic conditions the degree of vasodilatation reached more  than half its possible maximum, while at a f r e -  
quency of 8/sec degree of vasodilatation was close to the possible maximum. This frequency band is the 
"start ing line" for work of motoneurons under natural  conditions [2]. Yet even at a frequency of 16/sec,  
shortening of the muscle  did not exceed 40% of the maximum (Fig. 2A). The steepest  part  of the curve of 
muscle  shortening as a function of pulse frequency lay between 16 and 32/sec .  It is in this region that con- 
t rac t ion of the muscle  in all experiments led to compress ion  of the vesse ls .  A slight decrease  in the blood 
supply in three experiments took place at a frequency of 8 /sec  (Fig. 3), and in five experiments at a f r e -  
quency of 16/sec .  

It will be c lear  f rom Fig. 3 that with an increase  in frequency the intensity of compress ion  of the 
vesse ls  also increases .  The duration of postcontract ion hyperemia  is correspondingly lengthened. The 
sharp, stepwise growth of this index, start ing at a frequency at which in this experiment compress ion  of 
the vessels  also began (see Fig.  3, 9), is highly charac ter i s t ic .  This phenomenon could be explained by de-  
lay in the flushing of dilator metabolites during contraction or by hypoxia as the result  of the deficient blood 
supply. Results of experiments to test this hypothesis will be descr ibed in subsequent ar t ic les .  However, 
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it may be noted that during contract ion of all f ibers of the muscle ,  the duration of postcontract ion hyperemia  
is determined entirely by the frequency of the pulses.  Statistical analysis shows that it is independent of 
whether the muscle  contracts  isotonically or  auxotonieally. 

Hill [7] has directed attention to the fact that no contract ion is in fact absolutely isotonic, because 
there  is always some small  initial force  applied to paral le l  elastic components.  For  displacement of a 
muscle  during "isotonic" c~mtraction, a force not less than the weight of the muscle  (30-40 g) is necessary .  
Fo r  contract ion at a f requency of 32-64/sec ,  the shortening amounts to 0.6-0.7 cm, so that the work done 
under these c i rcumstances  is 19.5-26 g �9 cm. The force  of auxotonic contract ion (at the same frequency of 
stimulation) averaged 7500 g �9 cm. The muscle  shortened by 0.2-0.3 cm under these c i rcumstances ,  so that 
the work done was 1500-2250 g �9 era. An approximate calculation thus shows that the external physical  work 
in the lat ter  case is 50-100 t imes g rea t e r  than in the f i rs t  case.  The degree of vasodilatation (Fig. 2) and 
the duration of postcontract ion hyperemia  (Fig. 3), however,  a re  the same for  both conditions. 

The degree of vasodilatation in a working muscle  and the duration of postcontract ion hyperemia  are  
thus independent of the quantity of physical  work done by the muscle .  
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