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[bookmark: N10CC3]
Abstract


The central opioid receptor system likely contributes to the mechanism underlying the changes in affect elicited by exercise. Our aim was to use positron emission tomography (PET) to test whether exercise intensity influences activation of the μ-opioid receptor system in the brain, and whether changes in opioid receptor activation correlate with exercise-induced changes in affect. 7 healthy young male subjects (23±2 years) performed 20-min constant-load cycling exercises at heavy (ExH) and severe-intensity (ExS), and PET was performed using [11C]carfentanil as a tracer before and after each exercise. Exercise elicited the μ-opioidergic system activation in the large areas of the limbic system, particularly in the insular cortex, and cerebellum. Of note, deactivation of the μ-opioidergic system in the pituitary gland was identified as a specific finding in ExS, which evoked a distinctive sensation of fatigue. Within these brain areas, μ-opioid receptor activation correlated positively with increased positive affect (R2=0.67–0.95) in ExH and negative affect (R2=0.63–0.77) in ExS. These findings suggest that central μ-opioidergic neurotransmission evoked by continuous exercise is discriminated by work intensity. Notably, we also observed a possible contribution of the central μ-opioidergic system to the development of the sensation of fatigue during exhaustive exercise.





[bookmark: N10CD6]
Key words

neurotransmitter - 
brain - 
affect - 
fatigue





 

[bookmark: ]

[bookmark: N11247]
	
References


	
[bookmark: R5510-0001]1 Angelopoulos TJ. Beta-endorphin immunoreactivity during high-intensity exercise with and without opiate blockade. Eur J Appl Physiol 2001; 86: 92-96 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0002]2 Armstrong 3rd DW, Hatfield BD. Hormonal responses to opioid receptor blockade: during rest and exercise in cold and hot environments. Eur J Appl Physiol 2006; 97: 43-51 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0003]3 Arvidsson U, Riedl M, Chakrabarti S, Lee JH, Nakano AH, Dado RJ, Loh HH, Law PY, Wessendorf MW, Elde R. Distribution and targeting of a mu-opioid receptor (MOR1) in brain and spinal cord. J Neurosci 1995; 15: 3328-3341 





PubMedGoogle Scholar





	
[bookmark: R5510-0004]4 Ashburner J. A fast diffeomorphic image registration algorithm. Neuroimage 2007; 38: 95-113 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0005]5 Beaver WL, Wasserman K, Whipp BJ. A new method for detecting anaerobic threshold by gas exchange. J Appl Physio 1986; 60: 2020-2027 





PubMedGoogle Scholar





	
[bookmark: R5510-0006]6 Boecker H, Sprenger T, Spilker ME, Henriksen G, Koppenhoefer M, Wagner KJ, Valet M, Berthele A, Tolle TR. The runner’s high: opioidergic mechanisms in the human brain. Cereb Cortex 2008; 18: 2523-2531 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0007]7 Craig AD. How do you feel? Interoception: the sense of the physiological condition of the body. Nat Rev Neurosci 2002; 3: 655-666 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0008]8 Craig AD. How do you feel – now? The anterior insula and human awareness. Nat Rev Neurosci 2009; 10: 59-70 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0009]9 Critchley HD, Corfield DR, Chandler MP, Mathias CJ, Dolan RJ. Cerebral correlates of autonomic cardiovascular arousal: a functional neuroimaging investigation in humans. J Physiol 2000; 523 Pt 1 259-270 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0010]10 Dalgleish T. The emotional brain. Nat Rev Neurosci 2004; 5: 583-589 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0011]11 Damasio AR. The somatic marker hypothesis and the possible functions of the prefrontal cortex. Philos Trans R Soc Lond B Biol Sci 1996; 351: 1413-1420 



Google Scholar





	
[bookmark: R5510-0012]12 Davis JM, Bailey SP. Possible mechanisms of central nervous system fatigue during exercise. Med Sci Sport Exer 1997; 29: 45-57 





PubMedGoogle Scholar





	
[bookmark: R5510-0013]13 Devinsky O, Morrell MJ, Vogt BA. Contributions of anterior cingulate cortex to behaviour. Brain 1995; 118 Pt 1 279-306 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0014]14 Dietrich A, McDaniel WF. Endocannabinoids and exercise. Brit J Sport Med 2004; 38: 536-541 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0015]15 Dishman RK, Thom NJ, Puetz TW, O'Connor PJ, Clementz BA. Effects of cycling exercise on vigor, fatigue, and electroencephalographic activity among young adults who report persistent fatigue. Psychophysiology 2010; 47: 1066-1074 





PubMedGoogle Scholar





	
[bookmark: R5510-0016]16 Ekkekakis P, Hall EE, Petruzzello SJ. Variation and homogeneity in affective responses to physical activity of varying intensities: an alternative perspective on dose-response based on evolutionary considerations. J Sport Sci 2005; 23: 477-500 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0017]17 Gaesser GA, Poole DC. The slow component of oxygen uptake kinetics in humans. Exercise Sport Sci R 1996; 24: 35-71 





PubMedGoogle Scholar





	
[bookmark: R5510-0018]18 Goldfarb AH, Jamurtas AZ. Beta-endorphin response to exercise. An update. Sports Med 1997; 24: 8-16 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0019]19 Greenwood BN, Fleshner M. Exercise, stress resistance, and central serotonergic systems. Exercise Sport Sci R 2011; 39: 140-149 





PubMedGoogle Scholar





	
[bookmark: R5510-0020]20 Harriss DJ, Atkinson G. Ethical Standards in Sport and Exercise Science Research: 2016 Update. Int J Sports Med 2015; 36: 1121-1124 



Google Scholar





	
[bookmark: R5510-0021]21 Heimer L, Van Hoesen GW. The limbic lobe and its output channels: implications for emotional functions and adaptive behavior. Neurosci Biobehav Rev 2006; 30: 126-147 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0022]22 Hirvonen J, Aalto S, Hagelberg N, Maksimow A, Ingman K, Oikonen V, Virkkala J, Nagren K, Scheinin H. Measurement of central mu-opioid receptor binding in vivo with PET and [11C]carfentanil: a test-retest study in healthy subjects. Eur J Nucl Med Mol Imaging 2009; 36: 275-286 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0023]23 Innis RB, Cunningham VJ, Delforge J, Fujita M, Gjedde A, Gunn RN, Holden J, Houle S, Huang SC, Ichise M, Iida H, Ito H, Kimura Y, Koeppe RA, Knudsen GM, Knuuti J, Lammertsma AA, Laruelle M, Logan J, Maguire RP, Mintun MA, Morris ED, Parsey R, Price JC, Slifstein M, Sossi V, Suhara T, Votaw JR, Wong DF, Carson RE. Consensus nomenclature for in vivo imaging of reversibly binding radioligands. J Cereb Blood Flow Metab 2007; 27: 1533-1539 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0024]24 Janal MN, Colt EW, Clark WC, Glusman M. Pain sensitivity, mood and plasma endocrine levels in man following long-distance running: effects of naloxone. Pain 1984; 19: 13-25 



Google Scholar





	
[bookmark: R5510-0025]25 Koepp MJ, Hammers A, Lawrence AD, Asselin MC, Grasby PM, Bench CJ. Evidence for endogenous opioid release in the amygdala during positive emotion. Neuroimage 2009; 44: 252-256 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0026]26 Lane AM, Lovejoy DJ. The effects of exercise on mood changes: the moderating effect of depressed mood. J Sports Med Phys Fitness 2001; 41: 539-545 





PubMedGoogle Scholar





	
[bookmark: R5510-0027]27 Logan J, Fowler JS, Volkow ND, Wang GJ, Ding YS, Alexoff DL. Distribution volume ratios without blood sampling from graphical analysis of PET data. J Cereb Blood Flow Metab 1996; 16: 834-840 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0028]28 McNair DM, Heuchert JWP. Profile of Mood States (POMS), Technical Update. Toronto, Canada: Multi-Health Systems; 2003 





Google Scholar





	
[bookmark: R5510-0029]29 Meeusen R, Roelands B. Central fatigue and neurotransmitters, can thermoregulation be manipulated?. Scand J Med Sci Spor 2010; 20 (Suppl. 03) 19-28 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0030]30 Meeusen R, Watson P, Hasegawa H, Roelands B, Piacentini MF. Central fatigue: the serotonin hypothesis and beyond. Sports Med 2006; 36: 881-909 



Google Scholar





	
[bookmark: R5510-0031]31 Morgan WP. Affective beneficence of vigorous physical activity. Med Sci Sport Exer 1985; 17: 94-100 





PubMedGoogle Scholar





	
[bookmark: R5510-0032]32 Partin C. Runner’s “high”. JAMA 1983; 249: 21 





PubMedGoogle Scholar





	
[bookmark: R5510-0033]33 Parvizi J, Damasio A. Consciousness and the brainstem. Cognition 2001; 79: 135-160 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0034]34 Phillips ML, Drevets WC, Rauch SL, Lane R. Neurobiology of emotion perception II: Implications for major psychiatric disorders. Biol Psychiat 2003; 54: 515-528 



Google Scholar





	
[bookmark: R5510-0035]35 St Clair Gibson A, Baden DA, Lambert MI, Lambert EV, Harley YX, Hampson D, Russell VA, Noakes TD. The conscious perception of the sensation of fatigue. Sports Med 2003; 33: 167-176 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0036]36 Strohle A. Physical activity, exercise, depression and anxiety disorders. J Neural Transm 2009; 116: 777-784 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0037]37 Tuominen L, Nummenmaa L, Keltikangas-Jarvinen L, Raitakari O, Hietala J. Mapping neurotransmitter networks with PET: an example on serotonin and opioid systems. Hum Brain Mapp 2014; 35: 1875-1884 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0038]38 Wildmann J, Kruger A, Schmole M, Niemann J, Matthaei H. Increase of circulating beta-endorphin-like immunoreactivity correlates with the change in feeling of pleasantness after running. Life Sci 1986; 38: 997-1003 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0039]39 Zubieta JK, Ketter TA, Bueller JA, Xu Y, Kilbourn MR, Young EA, Koeppe RA. Regulation of human affective responses by anterior cingulate and limbic mu-opioid neurotransmission. Arch Gen Psychiatry 2003; 60: 1145-1153 





CrossrefPubMedGoogle Scholar





	
[bookmark: R5510-0040]40 Zubieta JK, Smith YR, Bueller JA, Xu Y, Kilbourn MR, Jewett DM, Meyer CR, Koeppe RA, Stohler CS. Regional mu opioid receptor regulation of sensory and affective dimensions of pain. Science 2001; 293: 311-315 





CrossrefPubMedGoogle Scholar










 









    
  

  
    
      
        


      

    

    
      
        
        


      

    

  


  

  
  
    
      
      
    
    
      
        
        
      

    
  




  
  
    
      
      
    
    
      
        
        
      

    
  



  







    
    


















  






      

      

  
    Top of Page
  

  
    
      ©  Georg Thieme Verlag KG | 
      
      
        Imprint |
        Privacy policy statement |
      
      Smartphone Version
      

      
        Your Current IP Address: 3.94.180.229
      

    

    

  




      


  
    
  
  
  
    
    
      
        
        
        
        
      
      
      
      
    
  
  




    

    






    

    
      
        
      
    

    
    


    
      
      
      
    

  