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Af te r  Rubner  [17] had es tab l i shed  a re la t ionship  between the r e su l t s  of d i r ec t  and indi rec t  c a l o r i m e t r y  
in calcula t ions  of total  heat  production,  indi rec t  c a l o r i m e t r y  quickly d isp laced  d i r ec t  in expe r imen ta l  and 
c l in ica l  p r ac t i c e  fo r  studying tota l  energy  m e t a b o l i s m .  Modern  informat ion  on the b ioenerge t i cs  of pa tho-  
logical  p r o c e s s e s  is en t i re ly  ba sed  on this method,  and the un ive r sa l i ty  of its appl icat ion fo r  the Study of 
pathological  s ta tes  has  so f a r  r e m a i n e d  a l m o s t  undisputed. 

Neve r the l e s s ,  as long  ago as in the 1890s, it was shown that  in c e r t a i n  pathological  p r o c e s s e s  a d i s -  
c r epancy  between the r e su l t s  of d i r ec t  and indi rec t  c a l o r i m e t r y  is a r egu l a r  phenomenon, and calcula t ion 
of heat  product ion by Rubne r ' s  pr inc ip le  r e f l ec t s  i ts  t rue  d imensions  insuff icient ly accu ra t e ly  [13, 14]. 
A. A. Studenskii [13] analyzed the poss ib le  r e a sons  of this phenomenon and its impor tance  in pathology on 
theore t i ca l  grounds.  Unfortunately these  observa t ions  did not r e ce ive  p rope r  at tention at that  t ime ,  and 
only in r e cen t  y e a r s  has the i r  impor tance  fo r  the s tudy of genera l  energe t ics  in pathology r ece ived  con-  
f i rma t ion  by the work  of s e v e r a l  Soviet inves t iga tors  [1-4, 5, 9, 10, 15, 16]. 

Compar i son  of the r e su l t s  of d i rec t  and indi rec t  c a l o r i m e t r y  has con f i rmed  that  in s o m e  pathological  
p r o c e s s e s  heat  fo rma t ion  in the c o u r s e  of energy  convers ions  is  reduced  to a l e s s e r  deg ree  than the in ten-  
s i ty  of gas exchange; in other  s t a t e s ,  converse ly ,  hea t  product ion is i nc reased  ( somet imes  by as much as 
20% or  more )  c o m p a r e d  with the level  of the gas exchange.  In the f i r s t  c a s e  calculat ion of heat  production 
by Rubne r ' s  method gives r e su l t s  which a r e  too high, in the second case,  they a r e  too low. These  d i s -  
c r epanc ie s  may  be obse rved  not only within the l imits  of a few hours  (as Rubner  h imsel f  knew}, but s o m e -  
t imes  fo r  many  days.  

To explain the development  of excess ive  (compared with that ca lcula ted  f r o m  the gas exchange) heat  
product ion in pathological  s t a tes ,  in r e cen t  y e a r s  r e s o r t  has been made  to S. A. Neifakh 's  hypothesis  of an 
i nc r ea se  in the d iss ipat ion of energy  of food subs tances  enter ing the ce l l  in the f o r m  of p r i m a r y  heat  in 
connection with the d issocia t ion  of the p r o c e s s e s  of coupled r e s p i r a t i o n  and phosphoryla t ion in the cel l ,  
and the concept  of the t h e r m o r e g u l a t o r y  impor tance  of this phenomenon [6, 7, 12]. I t  has been shown that 
many  f ac to r s  caus ing  p redominance  of ~direct"  hea t  product ion (2-4-dini t rophenol ,  thyroxin,  s taphylococcal  
and diphther ia  toxins,  s taphylococca l  infection) at  the s a m e  t ime  cause  d issocia t ion  of r e sp i r a t i on  and phos -  
phorylat ion;  conve r se ly ,  in the c a s e  of poisoning with bac t e r i a l  products  without a d issocia t ing  action 
(dysentery and para typhoid  toxins,  l ipopolysacchar ides  of bac t e r i a ,  etc.) ,  the r e su l t s  of d i r ec t  and indi rec t  
c a l o r i m e t r y  e i ther  coincide with the value obtained f r o m  the gas exchange,  o r  they differ  f r o m  it  in the 
d i rec t ion of a lower  heat  production [1-5]. 

As long as no accu ra t e  quanti tat ive es t ima te  of the t h e r m a l  effect  of d issocia t ion  has been es tabl i shed,  
it is difficult  to judge to what extent the excess  of heat  f o rmed ,  when de te rmined  fo r  the o r g a n i s m  as a 
whole,  can be a t t r ibuted to this effect.  Neve r the l e s s ,  if this pa ra l l e l  between the onset  of d issocia t ion and 
of excess ive  heat  product ion during the action of ce r t a in  agents exis ts  constant ly ,  this sugges ts  that these  
phenomena a re  connected.  

C a l o r i m e t r i c  and b iochemica l  invest igat ions under taken in the pas t  have,  however ,  been  c a r r i e d  out 
at  d i f ferent  t ime s ,  on different  an imals  ( somet imes  of different  spec ies  of an imals) ,  by di f ferent  w o r k e r s ,  
and in different  condit ions;  this cons iderab ly  reduces  the re l iab i l i ty  of the i r  compar i son .  Fo r  instance,  
a f t e r  admin is t ra t ion  of diphther ia  toxin a d e c r e a s e  in the P:O ra t io  in the mi tochondr ia  of l iver  cel ls  was 
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Fig. 1. Heat  production (in C a l / k g / h )  ca lcula ted  e a l o r i m e t r i c a l l y ( I )  
a n d f r o m  gas exchange (II), in control  exper imen t s  (1) and in e x p e r i -  
ments  with subcutaneous (2), in t ravenous (3), and i n t r a e e r e b r a l  
(4) injection of DT (mean re su l t s  fo r  groups of exper imen t s ) .  
Ver t i ca l  lines r e p r e s e n t  l imi ts  of va r i a t ions .  

es tab l i shed  in exper imen t s  on guinea pigs [8], while an excess  of 
actual  heat  product ion over  that  ca lcula ted  f r o m  the gas exchange 
was found in c a l o r i m e t r i c  exper iments  on rabbi t s  [4], and the 
s e v e r i t y  of the poisoning and the per iods  of observa t ion  w e r e  not 
the s a m e  in  these  two s e r i e s .  

In the p re sen t  invest igat ion the total  heat  m e t a b o l i s m  and 
energy: m e t a b o l i s m  in the l ive r  we re  inves t iga ted  during the 
action of diphther ia  toxin (DT) in c o m p a r a b l e  conditions and on 
the s a m e  objects  in o rde r  to es tabl i sh  m o r e  accu ra t e ly  the p r e -  
sence  or absence  of a pa ra l l e l  between the changes in these 
p a r a m e t e r s .  

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

Experiments were carried out on 35 rabbits of both sexes 
weighing from 1.7 to 2.8 kg. DT (2 M.L.D. in a volume of 0.5 ml) 

was given by a single injection; subcutaneously into the animals 
of group 1, intravenously into those of group 2. On the day when the 

the liver was removed the rabbits were placed in a dynamic 
calorimeter (LITMO) for 3-4 h, and sacrificed (by decapitation) 

immediately after removal from the calorimeter. The liver was 
cooled and minced in 0.25 M sucrose solution. The mitochondria 

were isolated by a modification of Schneider's method --frac- 

tional centrifugation at 12,000 g. The oxygen consumption of the 

mitochondria and the decrease in organic phosphate were deter- 
mined during incubation in media with succinate and glutamate 

in a Warburg's apparatus at 30 ~ for 20 rain, after which the co- 
efficient of oxidative phosphorylation was calculated. Protein 

was determined by the biuret method. The results were analyzed 
statistically by Studenskii's method. 

In the 3rd supplementary group of experiments, DT was 

injected directly into the lateral ventricle of the brain through a 
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eannula implanted by the method of Repin and Sorokin [11], in a volume of 0.1 ml:  4 rabbits  rece ived  adose  
of 0.04 M.L.D. toxin, and one rabbit  0.004 M.L.D. 

EXPERIMENTAL RESULTS 

In the control series, as the figure shows, the differences between results of direct and indirect 
calorimetry were very small, and in some cases did not exceed the limits of experimental error (• 5%), 

and on the average, Qcal exceeded QO2 by 1.05%. The results for respiration and phosphorylation in the 
liver mitochondria of the healthy rabbits are given in the table. 

In the experiments in which DT was injected subcutaneously, the general condition, body weight, and 
body temperature of the animals were not appreciably changed. The animals were killed 3-5 days after 
injection of DT. Before extraction of the liver, the value of Qcal was significantly (P = 0.05) higher than 
QO2 for the animals of this group on the average by 19% (see Fig. I). Heat production calculated from the 
gas exchange in this series remained within normal limits, and the difference between the results of direct 
and indirect calorimetry was entirely dependent on an increase in heat production not reflected in the 
oxygen consumption. However, no significant changes in energy metabolism were found in the liver mito- 
chondria of these rabbits (see Table I). 

Intravenous injection of DT was accompanied by an increase of 1-2 ~ in the body temperature, and on 
the 2nd-3rd day the temperature fell to its initial level or below, and during the animals ~ stay in the calori- 
meter with intensive ventilation, the temperature often fell by 1-2 ~ , which was not observed in the control 
series or in the experiments with subcutaneous injection. Besides the marked disturbance of thermo- 
regulation, the animals developed general apathy and their weight fell progressively. Two rabbits of this 
group were sacrificed at the end of the first day after injection, three on the second day, two on the third 
day, and only one rabbit (in a very serious, preagonal, state) on the fourth day. The rabbits of this group, 
although retaining an almost normal mean level of heat production (see Fig. I), had a tendency to give 
values of indirect calorimetry higher than those of direct (on the average by 5.6% for the groupL However, 
the difference from the control figure was not significant. 

Meanwhile the energy metabolism of the liver mitochondria of all 8 rabbits of this group was severely 
disturbed (see Table I); the decrease of P:O in these circumstances was due to marked inhibition of phos- 
phorylation with no accompanying significant change in respiration. 

One of the authors [8] has previously shown that DT has no effect in vitro on phosphorylation of liver 
mitochondria, but inhibits it in vivo. Taking into consideration the neurotropic properties of DT, it was 
interesting to discover whether it affects phosphorylation in the liver and the general heat metabolism if 
applied locally to act directly on the brain structures. Apart from a short initial period of severe excitation 
the animals v general condition remained unchanged in the experiments in which DT was injected intracere- 
brally. The body temperature fluctuated slightly around the initial level. In calorimetric experiments the 
heat metabolism was unchanged on the day of injection of DT; after the 2nd or 3rd days the results of direct 
and indirect calorimetry began to diverge appreciably. On the day the liver was taken (3rd-5th day), the 
ndirectW heat production (by calorimetry) of 4 rabbits exceeded the figure calculated from the gas exchange, 
on the average, by 20% (see Fig. I). In all the experiments the P:O ratio was sharply reduced (see Table I). 
In the 5th rabbit, which lost about 1 ml of eerebrospinal fluid from the ventricular cannula before injection 
of toxin, the decrease of P:O was combined with an increase in oxygen absorption by the mitochondria, and 
in contrast to all the other animals, the total gas exchange of this rabbit was increased by comparison with 
the true heat production. 

Injection of minimal doses of DT into the lateral ventricle thus caused marked (although not absolutely 
equivalent in all experiments) disturbances of energy metabolism in the liver and of the total energy meta- 
bolism. 

Comparison of the results of the first two groups of experiments shows that there is no connection 
between the disturbance of energy metabolism in the liver and the excess of ~direct ~ heat production in 
diphtheria poisoning. For unknown reasons, a marked divergence between the results of direct and indirect 
calorimetry developed in the rabbits only after subcutaneous injection of DT, and was not found in acute 
poisoning following intravenous injection. On the contrary, dissociation of respiration and phosphorylation 
the liver was well marked in the latter case, but was absent in the experiments with subcutaneous injection. 
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The resu l t s  obtained do not ru le  out the possible part ic ipat ion of a thermal  effect  of dissociat ion 
between resp i ra t ion  and phosphorylat ion in the inc rease  of "d i rec t"  heat  production in pathological con-  
ditions. They do show, however,  that a cons iderable  inhibition of phosphorylat ion in the l iver  is not nec -  
e s sa r i l y  accompanied by a marked  inc rease  in total heat  production, and,what is pa r t i cu la r ly  important ,  
that a cons iderable  excess  of "d i rec t"  heat  production over  that calculated f ro m  gas exchange may develop 
in the absence of dissociat ion of r e sp i ra t ion  and phosphorylat ion in the l iver .  

The resu l t s  of p re l iminary  exper iments  in which minimal  doses of DT were  injected into the la te ra l  
ven t r ic le  dese rve  specia l  attention. In these exper iments  the per iphera l  action of the toxin on t i ssue me ta -  
bol ism and heat  production was prac t ica l ly  ruled out. Never the less ,  typical  dis turbances of general  and 
local  (in the l iver  cel ls)  energy metabol i sm were  well  marked.  It is too ea r ly  to give a full  in te rpre ta t ion  
of these findings. However,  they show that the action of DT on the genera l  heat metabol i sm and energy 
metabol i sm in the l iver  is mediated through neu ro -humora l  regu la to ry  mechan isms .  The fact  that these 
dis turbances of metabol ism developed a cons iderable  t ime af te r  injection of the DT is in agreement  with 
the slow development of pathological changes in the nervous  sy s t em  cha rac te r i s t i c  of the action ofd ip ther ia  
toxin. 

The quest ion of the sources  of pathological heat  production not cor responding  to the oxygen con-  
sumption is thus one of cons iderable  complexi ty .  It c l ea r ly  cannot be solved without analysis  of the d i s tu r -  
bances of the cou r se  and regulation of p rocesses  of energy t ransformat ion  in the organism a td i f fe ren t  levels .  
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