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The max imum s t rength  of cont rac t ion  developed by s t r ips  of pap i l l a ry  musc l e s  of the left 
ven t r i c l e  of ra t s  var ied  i nve r se ly  with the th ickness  of the str ip.  Strips of d i f ferent  th ick-  
n e s s e s  showed comple te ly  di f ferent  re la t ionsh ips  between concen t ra t ion  s t rength  and f r e -  
quency, if the i nc r ea se  in f requency was gradual.  These d i f fe rences  d i sappeared  if the change 
to a high f requency was sudden. The funct ion of thick f ibers  was more  cons ide rab ly  affected 
by blocking of g lycolys is  with monoiodoaeetate.  The re su l t s  are in ag reemen t  with the view 
that an i n c r e a s e  in th ickness  of musc les  is accompanied by development  of hypoxia in the 
cen t ra l  zones of the musc les  through an inc rease  in length of the oxygen diffusion pathway. 

Isolated papi l la ry  musc les  f rom the ven t r i c l e s  of m a m m a l s  are widely used at the p r e s e n t  t ime  for 
physiological  r e sea rch .  With a dec rea se  in oxygenation of isolated musc les ,  the s tabi l i ty  of the i r  function 
is  ensured  by u t i l iza t ion  of fac tors  l imi t ing  the oxygen consumpt ion of the musc le s :  hypo the rmia  and a low 
frequency of s t imulat ion.  Although some workers  [13] do not cons ide r  that the th ickness  of the pap i l l a ry  
musc les  is  a factor  de te rmin ing  the i r  function, it is evident  that with an i n c r e a s e  in th ickness ,  the length of 
the oxygen diffusion pathway from the solut ion to the cen t ra l  zones of the musc l e s  mus t  also inc rease .  

The role of this fac tor  was examined in  the p r e s e n t  inves t iga t ion  in which the function of s t r ips  of 
different  th ickness ,  taken f rom the pap i l l a ry  musc les ,  was compared.  

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

Strips of the papi l la ry  musc les  of the left ven t r i c l e  of male albino ra t s  weighing 250-350 g were  
gripped by steel  cl ips  and placed in a g lass  chamber  fi l led with K r e bs ' s  solut ion warmed  to 30 ° and sa tu-  
ra ted  with 5% CO2+95% 02, in a tube 150 cm long. The composi t ion of the solut ion was as follows (in 
# m o l e s / l i t e r ) :  NaC1 120, KC1 4.8, CaC1 z 2.5, KH2PO 4 1.2, MgSO 4 2.5, NaHCO 3 25, glucose 5.56; pH7.3-7 .4 .  

The musc l e s  were s t imula ted  by means  of e lec t rodes  placed in the solut ion on both s ides  of the 
muscle  and pa ra l l e l  to it. The pulse  dura t ion  was 5 msec ,  ini t ia l  f requency 1 0 / s e c ,  and ampli tude 10-20% 
above threshold  for p reven t ing  exci ta t ion of sympathet ic  nerve  endings [8]. 

Under  i some t r i c  condit ions,  the max imum strength of cont rac t ion  developed by each musc le  s t r ip  
dur ing a gradual  i nc r ea se  in i ts  in i t ia l  length was determined.  The s t rength  was m e a s u r e d  by means  of 
wire  r e s i s t a n c e  t r a n s d u c e r s  and a TU-4m t ensome t r i c  ampl i f ie r  and recorded  on a Card iovar  VI i n s t r u -  
ment. To compare  the s t rength of cont rac t ion  of different  musc les ,  the value of the max imum cont rac t ion  
developed was de te rmined  by dividing the force developed by the musc le  by the a r ea  of c r o s s  sec t ion  [13]. 
The l a t t e r  was calculated f rom the weight and length of the s t r ip ,  a s suming  that the musc le  is a cyl inder .  

After  m e a s u r e m e n t  of the force,  isotonic cont rac t ion  condit ions were c rea ted  in which the m u s c l e  
lifted a constant  load, and the inotropic  response  was de te rmined  f rom the degree  of shor tening,  as mea -  
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TABLE 1. Funct ional  Indices of Muscles  of Dif ferent  Thickness  

tb2n 
[ 

Number 4 
Weightof'musc£es'(m'm'g)" i i i 1.1:t=0,2 

Area of cross section (in 
mmZ) . . . . . . . . . .  0,244-0,03 

Maximum force developed (in 
g force) . . . . . . . . . . . . . . .  O, 764-0,11 

Maximum tension developed 
(~ g force/mm z) . . . . . . . . .  3, 13~:0,26 

Maximum force developed by 1 
mg myocardium (ing force) . . • 0,7 t:0,05 

Musc le~ 

mediu m thic k 
2 3 

7 6 
2,2=t=0, l/  3.95=t=0,2 

0,51-4-0,03 1,04=k=0,06 

0,83=t=0.08 0,92=t=0.22 

1,62~=0,19 1,06:t=0,3 

0,38=1=0,02 0,22~=0,07 

Significance 
~f difference 

Pt-2<O,Ol 
Ps-,<O,Ol 

Pt-z-<O,Ol 
Pz-s<O,Ol 

Pi-2>0,05 
P2-a>0,05 

P,-2<0,01 
P~-3>0,05 

P1-2<O,OI 
P~_-3<0,05 
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Fig. 1. F requency  of cont rac t ions  as a 
funct ion of degree  of shor tening,  ex -  
p r e s s e d  in  pe rcen t ages  of in i t i a l  length 
(at f requency of 10/sec)  for  thin (contin-  
uous line), medium (broken line),  and 
thick (line of dots and dashes) s t r ips  of 
pap i l l a ry  musc l e s  of ra ts .  

su red  by a capaci tance  t r a n s d u c e r  and 51 BO2 ampl i f i e r  
(Disa Electronic) .  At this  stage of the exper iment ,  the r e -  
sponse of the musc les  to an i n c r e a s e  in the f requency of 
s t imula t ion  and to blocking of b lyco lys i s  by monoiodoacetate  
(1 mmole / l i t e r )  was studied. 

EXPERIMENTAL RESULTS 

AND DISCUSSION 

The total n u m b e r  of musc le  s t r ips  was subdivided into 
th ree  groups on the bas i s  of the i r  weight (Table 1), and these  
were convent ional ly  descr ibed  as thin (weight 0.8-1.5 mg), 
medium (weight 1.6-2.8 mg), and thick (weight 3.1--4.8 mg) 
Compar i son  of the medium and thick f ibers  with the thin 
shows that an i n c r e a s e  in weight and a rea  of c ros s  sect ion 
by 2 and 4 t imes ,  respec t ive ly ,  was associa ted  with a de-  
c r ea se  in the cont rac t ion  and force genera ted  by 1 mg myo-  
ca rd ium by about 2 and 3 t imes .  This dependence of the 
s t rength  of cont rac t ion  of the s t r ips  on the i r  th ickness  was 

not observed  in the expe r imen t s  of Spann et al. [13], us ing  pap i l l a ry  musc les  of cats. The r ea son  for this 
d i f ference may be, f i r s t ,  the fact that obse rva t ions  by the worke r s  cited were r e s t r i c t e d  to six musc les ,  
four  of which had an a r e a  of c ros s  sect ion exceeding 1.2 mm 2, and second, the fact that the myocard ia l  
oxygen consumpt ion  of ra t s  is s eve ra l  t imes  higher  than that of cats [5, 6, 10, 11, 15]. 

The fact that the s t reng th  of con t rac t ion  was reduced in the th icker  s t r ips  can be regarded  as expe r i -  
menta l  conf i rma t ion  of the hypothesis  put forward prev ious ly  by morphologis ts  [1, 4, 12, 14], to the effect 
that an i n c r e a s e  in  the length of the oxygen diffusion path and the development  of hypoxia in the cen te r  of 
fatigued musc le  f ibe r s  may be among the probable  causes  of d i s tu rbance  of the cont rac t i le  function of the 
hyper t rophied  hear t .  

The dynamics  of the degree  of shor ten ing  dur ing a gradual  i n c r e a s e  in the f requency of s t imula t ion ,  
when the musc le  completed f rom 60 to 80 con t rac t ions  at each frequency,  is i l l u s t r a t ed  in Fig. 1. This 
re la t ionsh ip  was the same for thick and medium musc le s :  any i nc r ea se  in f requency led to a dec rea se  in 
ampli tude,  while for  thin musc l e s  there  was a ce r t a in  range  of f requenc ies  (from 100 to 200) within which 
the ampli tude of shor ten ing  inc rea sed  as in the s t a i r case  phenomenon.  In addition, the thin musc l e s  r e -  
produced a h igher  f requency of cont rac t ion  than the thick. 

In other  inves t iga t ions  conducted on the pap i l l a ry  musc l e s  and s t r ips  of the ven t r i c l e s  of r a t s  [2, 3, 7] 
at 37 °, the re la t ionsh ip  between the s t rength of the con t rac t ions  and the i r  f requency was ident ica l  to that 
observed  by the w r i t e r  for thick and medium s t r ip s  (Fig. 1). Hoffman and Kelly [5] at tempted to explain 
the absence of a posi t ive  inotropic  effect of an i n c r e a s e  in f requency,  which is  usual  for m a m m a l i a n  ven -  
t r i c l e s  [9], but  the addition of ra t  p lasma,  pyruvate ,  o r  lac ta te  to the per fus ion  fluid, o r  a change in the 
concen t ra t ions  of po tass ium,  sodium, and magnes ium,  proved ineffective.  The sharp change in the o rd ina ry  
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Fig.  2. Effect  of mono iodoace ta t e  on 
d e g r e e  of  shor ten ing ,  e x p r e s s e d  in p e r -  
cen tages  of in i t i a l  length (before t r e a t -  
ment  with monoiodoace ta te ) ,  of thin (con- 
t inous line) and medium (broken line) 
s t r i p s  of p a p i l l a r y  m u s c l e s  of r a t s .  
A r r o w  m a r k s  beginning of r i n s ing  out of 
iodo ac et ate. 

r e l a t i o n s h i p  be tween fo rce  of con t r ac t i on  and f r equency  in the 
th in  s t r i p s  (Fig. 1) sugges t ed  that  the absence  of a phase  of 
i n c r e a s e  in s t r eng th  in the t h i ck  f i b e r s  was due to hypoxia  
and to an e n e r g y  def ic iency.  

The fol lowing r e s u l t s  a r e  in a g r e e m e n t  with th i s  hypo-  
t h e s i s .  A f t e r  a sudden change  of f r equency  f rom 10 to 
2 7 0 / m i n ,  the ampl i tude  of sho r t en ing  of the thin and med ium 
s t r i p s  showed changes  of an abso lu te ly  iden t i ca l  pa t t e rn :  at 
f i r s t  i t  fe l l  to 30% of the in i t i a l  va lue ,  then g r a d u a l l y  r o s e  to 
r e a c h  75% of the in i t i a l  va lue  a f t e r  15 sec.  Evident ly  the 
work  of the musc l e  at a high f r equency  fo r  15 sec  r e q u i r e d  
much l e s s  expend i tu re  of e n e r g y  than dur ing  a g radua l  in -  
c r e a s e  in f r equency  l a s t i ng  fo r  m o r e  than 5 rain. This  e x -  
pend i tu re  of e n e r g y  could be ful ly  compensa t ed  by  the r e -  
s e r v e s  of h i g h - e n e r g y  phospha te s  accumula t ing  dur ing  work  
at low frequency.  

Dur ing  hypoxia  of  musc l e  t i s sue ,  the  r o l e  of a n a e r o b i c  
g l y c o l y s i s  in the supply of e n e r g y  for  m u s c l e  funct ion i s  
known to i n c r e a s e .  Blocking  of g l y c o l y s i s  by t r e a t m e n t  with 
monoiodoace ta te  for  10 rain had an i r r e v e r s i b l e  i nh ib i to ry  

ac t ion on the d e g r e e  of shor t en ing  of the medium s t r i p s ,  w h e r e a s  the thin s t r i p s  r e c o v e r e d  t h e i r  ampl i tude  
of  sho r t en ing  a lmos t  to i ts  in i t ia l  l eve l  a f te r  r i n s ing  out of the monoiodoace ta te .  

The p r o g r e s s i v e  d e c r e a s e  in s t r eng th  of con t r ac t i ons  of th ick  s t r i p s  dur ing  a g r adua l  i n c r e a s e  in f r e -  
quency was thus ev iden t ly  due to the deve lopment  of hypoxia  and a de f ic iency  of  ene rgy  for  con t r ac t i on  in 
the musc le s .  This  hyp thes i s  sugges t s  that  the s h a r p  d i f f e rence  be tween  the i no t rop ic  r e s p o n s e  of the ven -  
t r i c l e  in r a t s  f rom that  of  the v e n t r i c l e s  of o the r  m a m m a l s  may  not be so c o n s i d e r a b l e  i f  oxygenat ion  of  the 
m y o c a r d i u m  is  adequate.  
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