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24   
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Soya  et  al . ,  2007a; Nishijima  et  al . ,  2011b)  

 

Table 1 The protocol for habituation to treadmill  running exercise. 
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Day Running speed and time
1 Rest, 10 min + 5 m/min, 10 min + 10 m/min, 10 min
2 Rest, 5 min + 5 m/min, 10 min + 10 m/min, 10 min + 15 m/min, 10 min
3 Rest
4 Rest, 5 min + 10 m/min, 10 min + 15 m/min, 10 min + 20 m/min, 10 min
5 Rest, 5 min + 15 m/min, 10 min + 20 m/min, 10 min + 25 m/min, 10 min
6 Rest, 5 min + 15 m/min, 10 min + 20 m/min, 10 min + 25 m/min, 10 min
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Figure 2 Blood glucose,  and glycogen levels  in  the l iver ,  skeletal  muscles ,  and the brain after  2  h of  
exercise .  A ,  Blood glucose;  B ,  Liver  g lycogen;  C ,  Skele ta l  muscles  glycogen;  D ,  Brain  glycogen.  Data  
represent  the  mean ± s tandard error  (n  = 5 -11 ra ts) .   * ,  p  <  0 .05;  **,  p  <  0 .01 compared to  sedentary  ra ts  
(unpaired t - tes t ) .  
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Table  2  Glucose and lactate  levels  in  f ive  brain loci  after  exercise  for  0 ,  30,  60,  and 120 min (µmol/g  
wet  t issue) .    

 

 

 
 

 
 

 
 

 

Data  represent  the  mean ± s tandard error  (n  = 5  -  6  ra ts) .   * ,  p  <  0 .05 compared to  0  min (Dunnet t ’s  post  hoc  
tes t ) .  

Brain region 0 min 30 min 60 min 120 min 

Coetex 
Glucose 2.6 ± 0.1 3.3 ± 0.1* 3.2 ± 0.2 1.3 ± 0.4* 
Lactate 1.1 ± 0.0 1.9 ± 0.3* 1.9 ± 0.3 2.5 ± 0.2** 

Hippocampus 
Glucose 2.8 ± 0.1 3.4 ± 0.1* 3.5 ± 0.1* 1.6 ± 0.3* 
Lactate 1.3 ± 0.0 2.2 ± 0.3 2.0 ± 0.3 2.7 ± 0.4** 

Hypothalamus 
Glucose 2.8 ± 0.1 3.2 ± 0.1 3.0 ± 0.1 1.9 ± 0.3* 
Lactate 1.1 ± 0.1 1.9 ± 0.3* 1.8 ± 0.3 2.4 ± 0.2** 

Cerebellum 
Glucose 3.1 ± 0.1 3.7 ± 0.2 3.4 ± 0.1 1.9 ± 0.4* 
Lactate 0.9 ± 0.1 1.5 ± 0.2* 1.5 ± 0.2 2.0 ± 0.2** 

Brainstem  
Glucose 2.7 ± 0.1 3.2 ± 0.1 3.3 ± 0.2 1.6 ± 0.3* 
Lactate 1.1 ± 0.1 1.9 ± 0.3* 1.9 ± 0.3 2.5 ± 0.2*** 
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Figure 5

 

 

 
Figure 5  Correlat ion between brain glycogen levels  and blood glucose,  brain glucose and brain lactate .  
Correla t ion between brain  glycogen levels  and A ;  b lood glucose,  B ;  bra in  glucose,  and C ;  bra in  lacta te  
(Pearson’s  product–moment  correla t ion tes t ) .  
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Figure 7  Brain glycogen metabolism during prolonged exhaustive exercise .  G-6-P;  g lucose-6-phosphate ,  
GLUT; Glucose t ransporter ,  MCT; monocarboxyl ic  acid  t ransporter .  Energy sources  for  neurons include not  
only  blood glucose but  a lso  lacta te .  Astrocyt ic  g lycogen is  synthesized from blood glucose and degraded into  
lacta te  by exci ta tory neurotransmit ters  such as  noradrenal ine  and serotonin .  Lactate  is  uptake n neurons and 
changed to  pyruvate ,  which is  used for  ATP synthesis  in  the  mitochondria .  The effect  of  exercise  on GLUTs 
and MCTs in  the  brain  is  not  e lucidated yet .  
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 Figure 8  Hypothetical  diagram showing the brain glycogen decrease as  an integrative factor of  
central  fat igue during prolonged exercise .  Prolonged exercise  induces  glycogen deplet ion in  the  muscles  
and l iver ,  and hypoglycaemia,  which causes  per ipheral  fa t igue.  Hypoglycaemia e l ic i ts  energy shortages  in  
the  brain ,  and l ikely  induces  centra l  fa t igue.  Increase  in  brain  serotonin  due to  r ise  in  t ryptophan/BCAA 
rat io  in  blood also  induces  centra l  fa t igue by e l ic i t ing lass i tude (serotonin  hypothesis) .  Furthermore,  
increases  in  body and brain  temperature  a t t r ibuted dehydrat ion induce centra l  fa t igue direct ly  and/or  
indirect ly  through increases  in  brain  noradrenal ine  and serotonin .  Hypoglycaemia and serotonin  are  not  only  
inducing factors  of  centra l  fa t igue but  a lso  enhancing factors  of  as t rocyt ic  g lycogen degradat ion.  Indeed,  we 
observed that  brain  glycogen levels  af t er  running were  correla ted with  the  respect ive  blood glucose and 
increased serotonin  metabol ism (Matsui  e t  a l . ,  2011) .  Exercise - induced brain  glycogen decrease  could be an 
in tegrat ive  factor  of  centra l  fa t igue.  
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