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The diurnal  rhythm of the nuc leo-cy top lasmic  ra t ios  and  nuc lear  volumes were  studied in 
m i c e  and ra t s  in a s ta te  of t ra ining or  chronic  fatigue brought about by swimming.  Moder -  
ate  m e a s u r e d  physical  exert ion leads to an i nc r ea se  in the fluctuations of the diurnal  rhy-  
thrn of these  cytological  p a r a m e t e r s  of hepatocyte  me tabo l i sm (volume and nuc leo -cy top la s -  
mic  ra t ios) ,  whereas  m ax i m a l  physica l  exer t ion d is turbs  the diurnal  rhythm of these  p a r a m -  
e t e r s  and thus provides  indirect  evidence of se r ious  d is turbances  of me tabo l i sm in the hepa t -  
ocytes  of the fatigued animal.  

According to the resu l t s  of recent  invest igat ions [i, 2, 5] r egu l a r  changes take place in the nucleo-  
cy top lasmic  ra t ios  and the mean  nuc lear  volumes of hepatocytes  in mice  and ra t s  during the 24-h per iod.  

Gubin [1] has shown that  diurnal  changes in the nuc leo-cy top lasmic  ra t ios  and mean  nuc lear  volumes ,  
as well  as the ra t ios  between the numbers  of diploid and polyploid hepatocyte  nuclei in different  spec ies  of 
v e r t e b r a t e s  a re  c lose ly  connected with the level  of t he i r  me tabo l i sm (with the concentra t ions  of RNA, g ly-  
cogen, total  prote ins ,  neut ra l  lipids, etc.). 

The object of this invest igat ion was to study the c h a r a c t e r  of the nuc leo-cy top lasmic  ra t ios  and nu- 
c l e a r  volumes for  the hepatocytes  of mice  and ra t s  under  different  physiological  conditions: physica l  e x e r -  
tion within physiological  l imi ts  (training) and prolonged,  m a x i m a l  physical  exer t ion  leading to chronic  fa -  

t igue.  

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

The exper imen t s  were  c a r r i e d  out in the spr ing on 24 sexual ly  m a t u r e  noninbred ma le  mice ,  24 ma le  
and 24 female  BALB mice  (weighing 18-20 g), and 24 noninbred ma le  ra ts  (weighing 180-200 g). The ani-  
m a l s  we re  subdivided into th ree  groups:  1) control ,  2) an imals  subjected to m e a s u r e d  physica l  exer t ion  by 
swimming in water ,  s ta r t ing  at 10 a .m.  at 32-34~ for  m i c e  for  1 month ( f rom 5 min  at the beginning to 30 
rain at the end of the exper iment) ,  and at 34-36~ for  ra t s  for  2 months (from 15 min at the beginning to 90 
rain at the end of the exper iment ,  with 2 days r e s t  pe r  week). The animals  of group 3 were  made  to swim 
for  5-8 h daily until  they were  comple te ly  fatigued - for  mice  for  1 month and the ra t s  for  2 months .  D u r -  
ing the exper iment  the an imals  gained in weight: the control  m ice  by 20.8%, mice  in t ra ining by 21%, mice  
swimming until  fatigued by 1.5%; the control  ra t s  by 45%, the ra t s  in t ra ining by 42.5%, and ra t s  swimming 
until  fatigued by 23.6%. 

The animals  were  decapi ta ted on the day a f t e r  the i r  las t  swim, at 3 and 9 a .m.  and 3 and 9 p .m.  
Pieces  of l ive r  were  fixed in Ca rnoy ' s  fluid. Sections through the l iver ,  4 g in th ickness ,  f rom the var ious  
groups  of an imals  were  mounted on the s a m e  slide and stained with methy l  g reen-pyron ine .  The nucleo-  
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TABLE 1. Mean Nuclear  Volume at Different Times  of Day or  
Night in Mice and Rats in Various Physiological  States (M *m) 

Time of 
day 

3 a , m .  

9 a . m ,  

3 p.m. 

9 p.m. 

Group of 
animals 

Noninbred mice d 
BALBoa 
BALBQ 
Ra~ d 

Noninbred mice d 
BALBoa 
BALBQ 
Rats d 

Noninbred mice d 
BALBo ~ 
BALBQ 
Rats d 

Noninbred mice d 
BALBoA 
BALBg 
Rats d 

Noninbred mice c" 
BALBoA 
BALB Q 
Rats d 

Mean nuclear volume (log g3) 

control 

2,370---0,0240 
2,422+- 0,0314 
2,416+- 0,0227 
2,393---0,0118 

2,244~0,0233 
2,318---0,0307 
2,336--+0,0252 
2,369--0,0167 

2,139+-0,0242 
2,180-+0,0444 
2,261---0,0276 
2,283--0,0151 

2.151-----0,0266 
2,253+-0,0407 
2,272-----0,0252 
2,293-+0,0164 

P,,l~<0,001 
Pa,15<O,O01 
Ps 1~<0,001 
Ps <0,001 

training 

2,526+-0,0224 
2,477+--0,0204 
2,400+0,0115 

2,427+-0,0244 
2,376---0,0254 
2,357--0,0128 

2,294-+*'0,0403 
2,357+-0.0305 
2,296+0,0147 

2,186• 
2,270---0,0249 
2,232+0,0130 

Pa 1~<0,001 
P sits < 0,001 
P,.l~ <0,001 

fatigue 

2,084---0,0311 
2,222+-0,0298 
2,300---0,0259 
2,322+-0>0138 

2,113---0,0238 
2,295+-0.0310 
2,304---0,0314 
2,000+-0,0158 

2,026~0,0281 
2,172-+---0,0362 
2,322 -+- 0,0271 
2,300---0,0181 

2,057--- 0,0101 
2,055''--0,0301 
2,270+0,0207 
2,281-+0,0152 

Pa i~<0,5 
Pa'15<0,2 
P2'ls<0,5 
Ps 

TABLE 2. Nucleo-Oytoplasmic Ratios at VarioUs Times  of Day or  
Night in Mice and Rats in Various Physiological  States 

Time of 
day 

3 a . m .  

9 a . m .  

3 p~ 

9 p.m. 

Group of 
animals 

Noninbred mice O ~ 
BALBoA 
BALB 9 
Rats d 

Control 

1:5,01 
1:4,23 
1:5,09 
1:4,60 

Training 

1:5,13 
1:4,68 
1:4,67 
1:4,68 

Noninbred mice 
BALBo a 
BALB9 
Rats d 

Noninbred mice 
BALBo z 
BALB 9 
Rats cf 

OA 

cf 

1:4,58 
1:4,03 
1:4,54 
1:4,37 

1:4,32 
1:3,60 
1:4,44 
1:3,99 

1:5,06 
1:4,57 
1:4,54 
1:3,79 

1:4,27 
1:3,70 
1:4,18 
1:3,86 

Fatigue 

1:4,05 
1:3,62 
1:3,65 
1:3,98 

1:3,98 
1:3,84 
l:4,14 
f:4,53 

1:4,50 
1:3,19 
1:3,92 
1:4,07 

Noninbred mice OA 
BALBo ~ 
BALB 9 
Rats d 

1:4,08 
1:3,42 
1:4,30 
1:3,64 

1:3,86 
1:3,78 
1:3,57 
1:3,57 

1:3,87 
1:3,2t 
1:3,62 
1:3,72 

c y t o p l a s m i c  r a t io s  of the hepa tocy tes  w e r e  d e t e r m i n e d  [4]. The n u c l e a r  vo lume  was c a l c u l a t e d  by the  equa -  
t ion  for  an e l l i p so id  of ro ta t ion:  I I /6  (L2B) [3]. F o r  each  a n i m a l  100 nuc le i  d i s t r i b u t e d  o v e r  the whole l i v e r  
lobule  were  m e a s u r e d .  

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

The r e s u l t s  a r e  g iven  in T a b l e s  1 and 2. As Ta b l e  1 shows,  in the c on t r o l  and e x p e r i m e n t a l  a n i m a l s  
( b o t h m i c e  and ra t s )  the m e a n  n u c l e a r  v o l u m e s  of the  hepa tocy tes  r eached  a m a x i m u m  at  3 a .m.  As a ru l e  
the m e a n  n u c l e a r  v o l u m e s  of the hepa tocy tes  in both in tac t  and e x p e r i m e n t a l  a n i m a l s  w e r e  m i n i m a l  at 3 o r  
9 p .m .  However ,  the  ampl i tude  of the  d i u r n a l  rhy thm of f luc tua t ions  in  the  n u c l e a r  v o l u m e s  of the hepa to -  
cy tes  d i f fe red  s ign i f i can t ly  in the d i f f e ren t  groups  of a n i m a l s .  F o r  i n s t a nc e ,  it was 49.7% in the c on t ro l  
m i c e ,  25.5% in the con t ro l  r a t s ,  86.7 and 47.5%, r e s p e c t i v e l y ,  in the t r a i n e d  m i c e  and r a t s ,  but fe l l  to 18.0 
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and 9.7%, respectively,  in the mice  and rats  swimming until fatigued. Diminution and disappearance of the 
diurnal rhythm of fluctuations in hepatocyte nuclear  volumes in the fatigued animals affected all the groups 
of mice and rats  studied. The hepatocyte nuclear  volume of the  intact mice  and rats  differed significantly 
at 3 a.m. and 9 p.m. and also at 3 a.m. and 3 p.m. (P<0.001).  Differences between the mean hepatocyte 
nuclear  volumes of the intact rats  also were significant at 9 a.m. and 3 p.m. and at 9 a.m. and 9 p.m. In 
some groups of intact mice  (noninbred males  and BALB males) the differences between the nuclear  volumes 
were not s tat is t ical ly significant at these t imes (P > 0.05; P > 0.2). In all the groups of t ra ined mice and 
rats  studied, the differences between the hepatocyte nuclear  volumes at 3 a.m. and 3 p.m.,  3 a.m. and 9 
p.m.,  9 a.m. and 3 p.m., and 9 a.m. and 9 p.m. as a rule were s ta t is t ical ly  significant (P<0.01 or  P<0.001).  

A totally different picture was observed when the hepatocyte nuclear  volumes were determined for 
mice  and rats  fatigued af ter  swimming. The differences between the hepatocyte nuclear  volumes of these 
animals at 3 a.m. and 3 p.m., at 3 a.m. and 9 p.m., at 9 a.m. and 3 p.m.,  and at 9 a.m. and 9 p.m. were not 
significant (P > 0.5, P > 0.5). A s imi la r  p rocess  of a decrease  in amplitude of the diurnal rhythm of the 
cytological  p a r a m e t e r s  of the hepatocytes is revealed by analysis of Table 2, which shows the dynamics of 
the nucleo-cytoplasmic  ratios of the hepatocytes of intact and trained animals and animals fatigued after  
swimming. The minimal  nucleo-cytoplasmic  rat ios of the hepatocytes were observed in all the animals 
tested at 3 a.m. and the maximal  values at ei ther  3 p.m. or  9 p.m. The amplitude of the diurnal rhythm of 
fluctuations in the nucleo-cytoplasmic  ratios was 21% for the control  mice,  26.3% for  the control  rats ,  29 
and 31%, respectively,  for  the t rained mice  and rats ,  falling to 12 and 21.7%, respect ively,  for  mice  and 
rats  fatigued after  swimming. Whereas the differences between the nucleo-cytoplasmic  ratios for  the con- 
t ro l  and trained animals at different t imes of the 24-h period were s tat is t ical ly significant (P < 0.001; P < 
0.01 or  P<0.05),  the diurnal differences in nucleo-cytoplasmic  ratios for  the hepatocytes of the animals 
fatigued af ter  swimming were not significant (P > 0.2, P > 0.5); i.e., a diurnal rhythm was absent. 

Synchronously with these dis turbances of the diurnal rhythm of changes in the dimensions of the hepat- 
ocyte nuclei and thei r  nucleo-cytoplasmic  ratios in the animals undergoing ext reme physical  exertion, the 
diurnal rhythm of cer ta in  pa ramete r s  of in t racel lu lar  metabol ism (RNA, glycogen, total  protein,  neutral  
lipids) also was smoothed out or  sharply reduced. 

Disturbance of the rhythm of concentrat ion of biologically active substances,  reflecting catabolic and 
anabolic aspects  of metabol ism, is evidently the fac tor  responsible for  the disturbance of the diurnal rhy-  
thm of changes in the dimensions of the nuclei and the nucleo-cytoplasmic  rat ios.  

It can therefore  be concluded from these experimental  resul ts  that training (moderate measured  phys-  
ical exert ion leads to a more  marked diurnal  rhythm of the cytological  pa ramete r s  of metabol ism studied. 
Meanwhile, prolonged physical  exert ion leading to chronic fatigue has a marked adverse  effect on the course  
of the natural  rhythm of changes in these proper t ies  of the hepatocytes.  

These observations give indirect  evidence of ser ious  dis turbances of metabolic p rocesses  in the hepat-  
ocytes  of the fatigued animal. 

1. 

2. 

3. 

4. 
5. 

L I T E R A T U R E  C I T E D  

G. D. Gubin, The Diurnal Rhythm of Metabolism of the Hepatic Epithelial Cells in Ver tebra tes  during 
Ontogeny and Phylogeny and under  Experimental  Conditions, Author ' s  Abst rac t  of Doctoral  Disse r ta -  
tion, T y u m e n '  (1971). 
L. V. Sokolova, Diurnal Changes in Mitotic Activity and DNA and Glycogen Synthesis in the Liver  of 
Animals on a Normal  and Modified Diet, Candidate 's  Dissertat ion,  Moscow (1969). 
Ya. E. Khesin, Dimensions of the Nuclei and the Functional State of the Cells [in Russian], Moscow 
(1967). 
S. I. Shchelkunov, Arkh. Anat., No. 5, 3 (1963). 
C. Je rusa lem,  W. Eling, and P. Jap, Acta Histochem. (Jena), 36, 168 (1970). 

174 


