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The  following c r i t e r i a  of myoca rd ia l  insuff ic iency were  studied in f r a g m e n t s  of human a t r ia l  
m y o c a r d i u m  (auricle) r e m o v e d  during opera t ive  cor rec t ion  of d i seased  hear t  va lves :  1) the 
d e c r e a s e  in ampli tude of  cont rac t ions  in a rhy thmic  s e r i e s  despi te  a f requency of s t imulat ion 
of 1-3 Hz (the no rma l  m y o c a r d i u m  is c ha r ac t e r i z ed  by an i nc r ea se  in the ampli tude of con t r ac -  
t i o n -  Bowdi tch ' s  pos i t ive  t reppe) ;  2) the monophas ic  c h a r a c t e r  of the f r e q u e n c y - s t r e n g t h  curve  
(in the normal  myoca rd ium the curve  has  th ree  phases);  3) the absence  of posi t ive  or  a p p e a r -  
ance of a negat ive inotropic effect  in r e s p o n s e  to a dec r ea se  in the externa l  Na concentra t ion 
or  r e m o v a l  of K ions f r o m  the solution. The  r e s u l t s  suggest  that  myocard ia l  fa i lure  of the 
ca rd iac  ce l l s  of the  affected hea r t  is  based  on a d is turbance  of Ca ion t r a n s p o r t  through the 
su r face  m e m b r a n e  and the reduced  ability of the s a r c o p l a s m i c  re t i cu lum to r e t a in  Ca ions.  
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Inves t iga t ion  of the m e c h a n i s m s  of the pos i t ive  and negat ive inotropic  action of va r ious  chemical  agents 
on the myoca rd ia l  ce l l s  of the pathological ly  changed hea r t  is  in teres t ing both to shed light on the na ture  of 
ca rd iac  fa i lu re  and in o r d e r  to develop effect ive  methods  of i ts  t r e a t m e n t .  The  strength of ca rd iac  contract ion 
can be cons iderably  increased ,  as we know, by changing the ionic composi t ion  of the medium.  F o r  instance,  
a dec r ea se  in the externa l  concentra t ion  of Na ions (not below 30% of normal) ,  the par t ia l  o r  total  r e m o v a l  of 
K ions, and a two-  to fivefold i nc r ea s e  in the Ca  concentra t ion caused a dis t inct  posi t ive  inotropic effect  in 
the  hea r t  of wa rm-b looded  an imals  [2]. Consider ing the r e s u l t s  of p rev ious  invest igat ions on the human m y o -  
ca rd ium [6, 10], in the p re sen t  study specia l  at tention was devoted to the effect  of the ionic composi t ion of the 
medium on f r e q u e n c y -  s t rength re la t ions  during contract ion of the pathological ly  changed myoca rd ium.  

The  object  of the investigation,  which was conducted on f r a g m e n t s  of a t r ia l  myoca rd ium r emoved  f r o m  
pat ients  during r e c o n s t r u c t i v e  opera t ions  on decompensa ted  va lvula r  defects  of the hea r t ,  was to de t e rmine  
to what extent abili ty to develop a pos i t ive  inotropic r eac t ion  to an i nc rea se  in the rhy thm of s t imulat ion and 
(or) a change in the concentra t ions  of Na, K, and Ca ions in the  med ium can be used  to indicate the s ta te  of 
the ce l l s  of the pa t i en t ' s  m y o c a r d i u m .  

EXPERIMENTAL METHOD 

Experiments were carried out on fragments of the auricles from the atria of 40 patients. After removal 
the aur ic le  (right - 22, l e f t -  18) was i m m e r s e d  in oxygenated T y r o d e ' s  solution at r o o m  t e m p e r a t u r e .  The 
t i m e  f r o m  taking the t i s s ue  during the opera t ion  until i t s  a r r i va l  in the l abo ra to ry  was 15-20 rain. T r a b e c u l a e  
4-5 m m  long, 1-2 m m  wide, and not m o r e  than 1 m m  thick were  then r e m o v e d  f r o m  the aur ic le .  The  t r a b e e -  
ulae thus r e m o v e d  were  p laced in a per fus ion  chamber  through which T y r o d e ' s  solution, enr iched with carbogen 
(95% 0 2 and 5% CO 2) and heated to 35-36~ flowed. F o r  1 h before  the beginning of the invest igat ion the t r a -  
buculae were  s t imula ted  at a f requency  of 0.5 Hz.  Two s i lve r  e lec t rodes ,  located  at the edges of the p r e p a r a -  
tion, were  used  for  s t i m u l a t i o n .  Above- th resho ld  s t i m u l i  5-10 m s e c  in durat ion w e r e  applied.  The  durat ion 
of individual s e r i e s  of s t imulat ion va r i ed  f r o m  20-30 sec  to 1-2 rain. The  in terval  between s e r i e s  was 5 min.  
Cont rac t ions  were  r e c o r d e d  under  i s o m e t r i c  conditions by means  of  the 6MKhlS mechanot ron .  The f requency 
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Fig. 1. Two variants of responses of atrial myocardium to repetitive stimula- 
tion: a-f) preparation from firs t  group, negative Bowditch's ladder; A-F) prepa- 
ration from second group, positive Bowditch's ladder. Numbers before each 
record on left denote frequency of stimulation, in Hz. Time calibration for A-D 
2 sec, for E, F 1 sec. 
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Fig. 2. Changes in frequency-strength curves in 
Tyrode's solution with change in concentrations of 
Na, K, and Ca ions. A, B, C) Separate experiments. 
A and C) Preparations of normal myocardium (fre- 
quency-strength curves in Tyrode's solution had ill- 
defined triphasic shape). B) Preparation of failing 
myocardium (in original solution frequency-strength 
curve monophasic). I) Ordinary Tyrode solution; II) 
60% Na solution; III) solution with twofold increase in 
Ca concentration; IV) potassium-free Tyrode solution. 
Abscissa, frequency of contractions (in Hz); ordinate, 
amplitude of contractions (in conventional units). 
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Fig .  3. Changes  in ampli tude of f i r s t  and subsequent contract ions  of rhy thmic  
s e r i e s  in p o t a s s i u m - f r e e  and h igh-ca lc ium solutions.  A) Negat ive Bowditch 's  
t r eppe  in ord inary  T y r o d e ' s  solution; ]3) change in contract ions  in K- f r ee  solution; 
C) s a m e  a f te r  twofold i nc rea se  in Ca concentrat ion.  Remah' lder  of legend as  in 
F ig .  Io 

of s t imulat ion was var ied  in the course  of the exper imen t  f r o m  0.5 to 5 Hz. Contract ions  w e r e  r e c o r d e d  on the 
Mingograph-81.  The  T y r o d e ' s  solution used had the following composi t ion (in raM): NaC1 131, KCI 4.5, NaHCO 3 
11, NaH~PO 4 �9 2H20 0.6, MgC12 �9 6H20 0.25, CaC12 �9 2H20 2.16, and glucose 11. The  concentra t ion of Na  ions in 
the solution was reduced  by 40% and r ep l aced  by suc ro se  in the i sosmot ic  concentrat ion.  In the case  of 
comple te  r e m o v a l  of K ions f rom the solution or  a twofold inc rease  in i ts  Ca ion concentrat ion,  no osmot i c  
compensat ion  was c a r r i e d  out. 

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

All the p repa ra t ions  t e s t ed  w e r e  divided into two main  functional gncoups. The  f i r s t  group (17 p r e p a r a -  
t ions) had f requency-con t rac t ion  r e l a t ions  that  d i f fered significantly f r o m  those  obse rvab le  in the normal  m y o -  
card ium of warm-b looded  an imals .  The  d i f fe rences  were  that  the i nc rea se  in ampli tude of the cont rac t ions  
of the repe t i t ive ly  s t imulated p r e p a r a t i o n s  was ve ry  slight at f requencies  of s t imulat ion of 1-3 Hz (6 ex p e r i -  
ments)  o r  was absent  a l together  - t he re  was a s teady d e c r e a s e  in the ampli tude of cont rac t ions  in a rhy thmic  
s e r i e s  (11 exper iments )  (Fig. l a - f ) .  In the normal  myoca rd ium of warm-b looded  an ima l s  and mun the amp l i -  
tude of cont rac t ions  m e a s u r e d  at  the level  of the pla teau of Bowdi tch 's  t reppe  r i s e s  with an i nc rea se  in the 
f requency of s t imula t ion  f rom 0.5 to 2-3 Hz, but at  h igher  f requencies  of s t imulat ion the muplitude fa l ls  {Fig. 
1A-F).  As a resu l t ,  the f r e q u e n c y - s t r e n g t h  re la t ionsh ip  ( f - F )  can be r e p r e s e n t e d  as  a curve with th ree  
phase s  [6, 8, 12]. Since the i nc rea se  in ampli tude of the cont rac t ions  in a r hy thmic  s e r i e s  was neg.[igible or  
absent  in the f i r s t  group of p r epa ra t i ons ,  the f - F  curve  was monophasic  in c h a r a c t e r .  The  monophas ic  c h a r -  
a c t e r  of the f - F  curve  is usua l ly  r e g a r d e d  as evidence of myocard ia l  insufficiency [6, 9]. With a d e c r e a s e  in 
the ex te rna l  Na ion concentra t ion by 40%, a posi t ive inotropic effect ,  c h a r a c t e r i s t i c  of the no rma l  m y o c a r d i n m  
of warm-b looded  an imals ,  developed in only 7 of the 17 p repa ra t ions  of the f i r s t  group.  In the other  11 p r e p a -  
ra t ions  in a solution with low sodium concentra t ion the ampli tude of cont rac t ions  e i ther  was unchanged or  
somewhat  reduced,  i .e . ,  a negat ive inotropic e f fec t  developed.  The f - F  cu rve  with pos i t ive  and negat ive ino-  
t rop ic  action of the low-sod ium solution a r e  i l lus t ra ted  in Fig .  2. As Fig .  2B shows, the f - F  curve,  as  it  r i s e s  
upward along the sca le  of ampli tude,  changes  f r o m  monophas ic  to t r iphas ic .  In the p r e s e n c e  of a negat ive 
inotropic  effect  the f - F  curve  was t r iphas ic  and monophas ic  (Fig. 2C). 
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Comple te  r e m o v a l  of K ions f r o m  the T y r o d e ' s  solution caused a pos i t ive  inotropic effect  in 14 of 17 
p repa ra t ions ,  but in 3 expe r imen t s  the ampli tude of contract ions  fell .  In these  cases  the inotropic  act ion of 
the p o t a s s i u m - f r e e  solution coincided with the negative inotropic effect  of the low-sod ium medium.  In nine 
p r epa ra t i ons  a f t e r  r e m o v a l  of K f r o m  t h e T y r o d e ' s  solution the ampli tude of contract ions  increased ,  whereas  
in the s a m e  p repa ra t ions  but with a d e c r e a s e  in the Na concentrat ion it fel l .  The shape of the f - F  curve  in 
p o t a s s i u m - f r e e  solution as  a ru le  was monophasic ,  but in some  expe r imen t s  it also had a t r i phas i c  appearance .  
The  f i r s t  contract ion of the s t r ip  of myoca rd ium af te r  a long interval  of r e s t  was  modified in low-sod ium and 
p o t a s s i u m - f r e e  solutions in the same  way as  all  the subsequent  contract ions:  W i t h a  posi t ive  inotropic effect  
it i nc reased  and with a negative inotropic effect  i t  dec reased .  The gradient  of the Bowditch t r eppe  was un- 
changed. A twofold i nc rea se  in the externa l  Ca  concentra t ion always led to the development  of a pos i t ive  ino- 
t rop ic  effect ,  and under  these  c i r c u m s t a n c e s  the gradient  of  r i s e  of  the l adder  was s o m e t i m e s  inc reased  
(Fig. 3). 

The  second group of p r e p a r a t i o n s  (23) had a t r i phas i c  type of f - F  curve .  In mos t  expe r imen t s  of th is  
group the t r i phas i c  c h a r a c t e r  of the curve  was i l l -defined (Fig. 2). S t r e n g t h - c o n t r a c t i o n  r e l a t ions  in T y r o d e ' s  
solution with an a l t e red  concentra t ion of Na, K, and Ca ions did not differ  in pr inc ip le  f r o m  those which de-  
veloped under  s imi l a r  conditions in the m y o c a r d i u m  of warm-b looded  an imals  [3-5, 10]. A par t ia l  d e c r e a s e  
in the externa l  Na concentrat ion,  the complete  r e m o v a l  of K, and a twofold i n c r e a s e  in the Ca concentra t ion 
in the T y r o d e ' s  solution caused a pos i t ive  inotropic  effect  in the pa t ien t s '  myoca rd ium.  However ,  t he re  were  
except ions in the p repa ra t ions  of th is  group: In two expe r imen t s  a negat ive inotropic effect  developed.  This  
fact  can be r e g a r d e d  as  an indication of the functional s imi l a r i t y  between the p r e p a r a t i o n s  of the second group, 
with an i l l -def ined t r iphas ic  type of f - F  curve,  and p repa ra t ions  of the f i r s t  group with a monophas ic  f - F  
curve .  In both groups  of p repa ra t ions  a l te rnat ion  of the rhy thm was observed ,  in the f o r m  of r e g u l a r  a l t e rn a -  
t ion of contract ions  of high and low ampli tude.  Al ternat ion developed within the f requency  range  f r o m  2 to 
5 Hz.  No connection could be found between the level  of a l te rnat ion  and the c h a r a c t e r  of the f r e q u e n c y - c o n -  
t r ac t ion  r e l a t ions .  

The  invest igat ion thus r evea led  the following c r i t e r i a  of myocard ia l  insufficiency: 1) a dec r ea se  in 
ampli tude of contract ions  in a rhy thmic  s e r i e s  even during s t imulat ion at  f requenc ies  of 1-3 Hz; 2) a mono-  
phas ic  c h a r a c t e r  of the f r e q u e n c y - s t r e n g t h  curve;  3) absence  of posi t ive  or  the appearance  of a negat ive ino-  
t rop ic  effect  in r e s p o n s e  to a d e c r e a s e  in the externa l  Na ion concentra t ion or  r e m o v a l  of K ions f r o m  the solu- 
t ion. In accordance  with modern  view, an i nc r ea se  in the ampli tude of cont rac t ions  during repe t i t ive  s t imu-  
la t ion of myocard ia l  p r epa ra t i ons  (a pos i t ive  Bowditch 's  t reppe)  is caused by the fact  that  Ca ions pass ing  
through the exci table  m e m b r a n e  f r o m  the external  medium rep len i sh  the Ca r e s e r v e s  in the s a r c o p l a s m i c  
r e t i cu lum of the hear t  ce l ls  [13]. The w r i t e r s  showed prev ious ly  in expe r imen t s  on the guinea pig myoca rd ium 
that  compound D-600 (a ve rapami l  der ivat ive) ,  which b locks  the slow N a - C a  current ,  conver ted the pos i t ive  
Bowdi tch 's  t r eppe  into negat ive during repe t i t ive  s t imulat ion,  and with an i nc rea se  in the f requency of s t imu-  
lat ion the fall in the ampli tude of cont rac t ions  was intensif ied [2]. The shape of the t r eppe  and the f - F  curve  
when D-600 was used  were  the s ame  as  in the f i r s t  group of myocard ia l  p r epa ra t ions  tes ted  in the p r e sen t  
expe r imen t s ,  where  they were  in t e rp re t ed  as  evidence of myoca rd ia l  fa i lure .  I t  has  also been shown that  the 
par t ia l  r e m o v a l  of Na o r  total  r e m o v a l  of K f r o m  T y r o d e ' s  solution i n c r e a s e s  the ampli tude of cont rac t ions  
against  the background of the act ion of D-600 in the guinea pig myoca rd ium also .  I t  can be postulated on the 
bas i s  of these  data that  one cause  of the appearance  of the negat ive t r eppe  during repe t i t ive  s t imulat ion of 
p repa ra t ions  of the human myoca rd ium is ce r ta in  changes in the sy s t em of Ca channels (possibly a dec r ea se  
in the i r  density) caused by hyper t rophy  of the musc le  f i be r s  and by pathological  changes in the i r  u l t r a s t r u c t u r e  
[1]. The absence  of a pos i t ive  inotropic effect  in low-sod ium or p o t a s s i u m - f r e e  solutions may  be connected 
with loss  of the abil i ty of the s a r c o p l a s m i c  re t icu lum to r e t a in  Ca ions effect ively  during diastole  and to give 
them ~p during exci tat ion.  This  hypothesis  is conf i rmed by r e s u l t s  showing that  the abili ty of the myocard ia l  
r e t i cu lum of pat ients  with va lvular  defects  to accumula te  Ca ions is d is turbed [7, 11], and also by the r e s u l t s  
of  e lec t ron  m i c r o s c o p i c  s tudies which show marked  changes in the s t ruc tu re  of the s a r c o p l a s m i c  re t i cu lum 
of the card iac  cel ls  of these  pat ients  [1]. However ,  the p r e s e n c e  of a negat ive inotropic effect  in a low-sod ium 
solution and a posi t ive  inotropic effect  in a p o t a s s i u m - f r e e  solution in the s a m e  p repa ra t ion  show that  our 
ideas  of the na ture  of ca rd iac  fa i lu re  a r e  stil l  only v e r y  approx ima te .  
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TISSUE RESPIRATION 

IN THE MYOCARDIUM 

V. V. B u l ' o n  

ENZYMES AND OXIDATIVE PHOSPHORYLATION 

AFTER NEUROGENIC INJURY 

UDC 616.127-009-092 : 612.26 

After neurogenic injury to the myocardium caused by electrical stimulation of the aortic arch 
for 3 h a marked increase in succinate dehydrogenase activity, a sharp decrease in cytoehrome 
oxidase activity, and uncoupling of oxidation and phosphorylation were observed (esterification 
of inorganic phosphate was reduced whereas the oxygen consumption was unchanged and the P /  
A ratio reduced). It is concluded that in neurogenic injuries to the myocardium the coordina- 
tion of regulation of energy metabolism is disturbed, with the ultimate result  that oxidative 
phosphorylation is uncoupled and the synthesis of high-energy compounds reduced. 

KEY WORDS: neurogenic injury to the myocardium; respiratory enzymes; oxidative phospho- 
rylation. 

Previous investigations in the wri ter ' s  laboratory have shown that the morphological changes in the myo- 
cardium resulting from neurogenic injury caused by the action of extremal factors are preceded by metabolic 
disturbances. These disturbances are manifested as stimulation of glycolysis, as shown by increased hexo- 
kinase and total lactate dehydrogenase activity and by the accumulation of lactic acid [3, 4]. Meanwhile an 
increase in the contribution of the pentose phosphate pathway of carbohydrate oxidation to the energy metab- 
olism of the injured myocardium is observed, as shown by increased glucose-6-phosphate dehydrogenase 
activity [4]. 

It was accordingly decided to investigate the state of oxidative processes in the myocardium following 
neurogenic injury. For this purpose the activity of respiratory enzymes such as succinate dehydrogenase (SD) 
and cytochrome oxidase (CO) and the intensity of oxidative phosphorylation were studied. 

EXPERIMENTAL METHOD 

Experiments were carried out on male rabbits weighing 3.0-3.5 kg. Neurogenic injury to the myocardium 
was produced by electrical stimulation of the aortic arch for 3 h by means of an electrode introduced through 
the right common carotid artery [1]. The animals were killed immediately after the end of electrical stimula- 
tion. Intact animals served as the control. Activity of SD [8] and CO [7] was determined spectrophotometri- 
cally in mitochondria isolated from the heart by differential centrifugation. The activity of the enzymes was 
expressed in conventional AE uni t s /mg protein/h.  The intensity of oxidative phosphorylation was determined 
manometrically in a Warburg apparatus and the protein concentration by Lowry's method [9]. 
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