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ROLE DU SYSTEME ENDOCANNABINOÏDE DANS LA MOTIVATION 
POUR L’EXERCICE 

 

La sédentarité est un problème majeur de santé publique qui s’explique principalement 

par un déséquilibre de la balance énergétique. Il résulte (i) d'une prise alimentaire 

abondante et (ii) d'une absence de motivation pour l’exercice. Malheureusement, les 

bases neurobiologiques de la motivation pour l’exercice sont encore méconnues. Des 

travaux du laboratoire avaient montré l’implication du système endocannabinoïde 

(SEC) dans le contrôle des performances de course chez la souris. Ce contrôle 

s'effectue via les récepteurs aux cannabinoïdes de type 1 (CB1) localisés sur les 

terminaisons GABAergiques de l’aire tegmentale ventrale (ATV), cette région 

cérébrale jouant un rôle clef dans les processus de motivation pour les récompenses. 

Cependant, les performances de course ne permettent pas de distinguer la motivation 

pour l’exercice du plaisir de courir. L’objectif de ce travail était d’étudier l’implication 

des récepteurs CB1 dans la régulation spécifique de la motivation pour l’exercice chez 

la souris (i) en caractérisant la(les) population(s) de récepteurs participant à celle-ci, 

puis (ii) en évaluant leur implication dans le choix entre l’exercice et la nourriture 

palatable, et enfin (iii) en mesurant l’effet de leur stimulation sur la motivation pour 

l’exercice. Cette étude repose sur l’utilisation du conditionnement opérant (unique 

moyen d’étude de la motivation chez l’animal) associé à des approches génétiques 

(mutants des récepteurs CB1) et pharmacologiques (agonistes et antagonistes de ces 

récepteurs). 

La première partie de ce travail a permis de développer un protocole de 

conditionnement opérant permettant de distinguer (i) la motivation pour l’exercice, 

celle-ci étant corrélée à l’activité des neurones dopaminergiques de l’ATV, (ii) du plaisir 

de courir. Cette étude a montré que les récepteurs CB1 qui contrôlent la motivation 

pour l’exercice sont localisées dans l’ATV. Nous avons ensuite démontré le rôle 

tonique nécessaire et suffisant des récepteurs CB1 des neurones GABAergiques 

(GABA-CB1) dans la motivation pour l’exercice, mais pas dans le plaisir de courir. Les 

résultats obtenus ont soulevé la question de la spécificité du contrôle de la motivation 

pour la course par ces récepteurs. Nous avons alors confirmé l’implication du SEC 



   

 
 

dans la motivation pour la nourriture palatable avant de montrer que les récepteurs 

GABA-CB1 n’étaient pas impliqués dans celle-ci.  

La deuxième partie visait à étudier l’implication du récepteur CB1 dans le choix entre 

l’exercice et la nourriture palatable lorsque ces deux récompenses sont mises en 

concurrence. En effet, humains et animaux sont confrontés quotidiennement à 

plusieurs récompenses simultanées, leur choix étant basé sur leurs motivations 

respectives pour chacune d'elles. Dans ce but, nous avons développé un protocole de 

choix en conditionnement opérant permettant d’étudier la préférence de l’animal entre 

ces deux récompenses. Ainsi, après avoir démontré l’importance du SEC dans le choix 

entre ces deux récompenses, nous avons montré que la délétion des récepteurs 

GABA-CB1 a diminué la préférence pour l’exercice au profit de la nourriture palatable. 

Cette étude identifie donc un potentiel mécanisme neurobiologique participant à la 

sédentarité. 

La troisième partie de ce travail avait pour but d’évaluer la possibilité de moduler la 

motivation pour l’exercice via le SEC. En effet, le contrôle tonique exercé par les 

récepteurs GABA-CB1 sur la motivation pour courir soulevait la question de l’impact 

d’une stimulation de ces récepteurs sur cette motivation. Les résultats ont indiqué que 

la stimulation des récepteurs CB1 par des agonistes directs et indirects de ces 

récepteurs n’était pas en mesure d'augmenter la motivation pour l’exercice. 

En conclusion, ce travail démontre le rôle majeur des récepteurs CB1 des neurones 

GABAergiques dans la motivation pour l'exercice physique. 

Mots clés : Récepteurs CB1, Exercice, Motivation, Conditionnement opérant 

 

  



   

 
 

ROLE OF THE ENDOCANNABINOID SYSTEM IN EXERCISE 
MOTIVATION 

 

Sedentariness is a major public health issue. It is mainly explained by a lack of exercise 

motivation, resulting in an energy imbalance in favor of food intake. However, the 

neurobiological bases of exercise motivation remain poorly described. Previous works 

in the laboratory have demonstrated the role of the endocannabinoid system (ECS) in 

the control of running performances in mice. This role is exerted by type-1 cannabinoid 

receptors (CB1) located on GABAergic terminals in the ventral tegmental area (VTA). 

This brain region has been shown to play a key role in reward processes. Because the 

evaluation of running performances does not distinguish between running motivation 

and pleasure, we aimed at studying the role of CB1 receptors in the regulation of 

exercise motivation in mice. Using operant conditioning protocols (which allow to 

specifically study motivation in animals), this work characterized (i) the 

subpopulation(s) of receptors participating in this regulation, (ii) their potential 

involvement in the choice between exercise and palatable food, and (iii) the 

consequences of a selective stimulation of these receptors on exercise motivation. 

This work combined genetic (mouse mutants for CB1 receptors) and pharmacological 

(CB1 receptor agonists and antagonists) approaches. 

The first set of experiments aimed at developing an operant conditioning protocol that 

allow to distinguish exercise motivation from exercise pleasure, the former but not the 

latter being positively linked to the activity of VTA dopaminergic neurons. Our results 

showed that CB1 receptors control exercise motivation through an action in the VTA. 

Moreover, we demonstrated that CB1 receptors located on GABAergic neurons 

(GABA-CB1) are necessary and sufficient for the tonic control of exercise motivation. 

Conversely, exercise pleasure, as assessed by running performance, proved 

independent from this receptor population. Because previous studies demonstrated 

the key role exerted by CB1 receptors in motivation for other (than exercise) rewards, 

we questioned the specificity of the control of running motivation exerted by GABA-

CB1 receptors. Indeed, after having confirmed the involvement of the ECS in palatable 

food motivation, we provided evidence against a role for GABA-CB1 receptors in 

feeding motivation, hence indicating their reward-specific control. 



   

 
 

The second set of experiments aimed at evaluating the involvement of CB1 receptors 

in the choice between exercise and palatable food when both rewards were made 

concurrent. Indeed, humans and animals are permanently confronted with reward 

choices, these being dictated by their respective motivation for these alternatives. To 

this aim, we developed an operant conditioning protocol allowing the study of the 

animal preference between exercise and palatable food presented simultaneously but 

being mutually exclusive. By this means, we demonstrated the crucial importance of 

CB1 receptors in this choice. Moreover, we showed that the lack of GABA-CB1 

receptors decreased the mouse preference for exercise in favor of palatable food. This 

work thus identifies a potential neurobiological mechanism underlying sedentariness. 

The third set of experiments aimed at evaluating the possibility to stimulate exercise 

motivation. The tonic control exerted by GABA-CB1 receptors on exercise raises the 

question of the impact of their stimulation. Indeed, stimulation of CB1 receptors by 

direct and indirect agonists proved inefficient in altering running motivation.  

In conclusion, besides providing a paradigm allowing to study exercise motivation in 

mice, this work provides direct evidence for a specific role of CB1 receptors located on 

GABAergic neurons on motivation for exercise. 

KEYWORDS: CB1 receptors, Exercise, Motivation, Operant Conditioning 

 

  



   

 
 

LONG RESUME 
 

La sédentarité est un problème majeur de santé publique, avec une mortalité d’environ 

9% et un fardeau économique pour nos sociétés qui s’élève à 50 milliards de dollars. 

Des études longitudinales menées aux Etats-Unis ont montré que le manque d’activité 

physique, plutôt que l’augmentation des apports caloriques, était associée à 

l’augmentation de l’obésité abdominale. Cette observation met donc en exergue le rôle 

primordial de l'inactivité physique dans les causes métaboliques (mais également 

cardiovasculaires) de la sédentarité. Il a été montré que le manque de motivation à 

initier l’exercice ainsi que le manque de plaisir à adhérer sur le long-terme à des 

programmes d’exercice constituaient les causes majeures de l'inactivité physique. 

Malgré cette reconnaissance, les bases neurobiologiques de la motivation pour 

l’exercice physique restent méconnues. Le modèle animal d'activité physique le plus 

utilisé est la course sur une roue d’exercice, et ce par son aspect volontaire et 

hautement récompensant, deux caractéristiques propres à l’exercice chez l’humain. 

Les études menées avec la roue d’exercice ont permis d’identifier certains régulateurs 

neurobiologiques de la performance d'exercice, tels que la leptine et les opioïdes 

endogènes. De précédents travaux au laboratoire ont montré l’implication d'un autre 

système neurobiologique, le système endocannabinoïde (SEC), dans le contrôle des 

performances de course chez la souris. Ce contrôle s'effectue via des récepteurs aux 

cannabinoïdes de type 1 (CB1) localisés sur des terminaisons GABAergiques de l’aire 

tegmentale ventrale (ATV). Cette dernière structure est étroitement liée aux processus 

de motivation pour les récompenses, qu'elles soient naturelles ou pas (e.g. drogues 

d'abus). Cependant, les performances de course ne permettent pas de distinguer la 

motivation pour l’exercice du plaisir de courir. Cette distinction est pourtant essentielle. 

En effet, la motivation correspond à l’effort maximal qu’un individu accepte de fournir 

lors de la recherche d’une récompense pour y accéder, alors que le plaisir correspond 

aux comportements « consommatoires » liés aux propriétés hédoniques de la 

récompense une fois atteinte. Cette distinction est d’autant plus cruciale que ces deux 

aspects reposent sur des substrats neurobiologiques distincts, la motivation étant 

dépendante de la transmission dopaminergique au sein du système 

mésocorticolimbique (principalement l’ATV), contrairement au plaisir. 



   

 
 

L’objectif de ce travail était d’étudier l’implication des récepteurs CB1 dans la régulation 

de la motivation et/ou du plaisir pour l’exercice physique chez la souris (i) en 

caractérisant la(les) population(s) de récepteurs participant à ces processus, puis (ii) 

en évaluant leur potentielle implication dans le choix entre l’exercice physique et la 

nourriture palatable, et enfin (iii) en mesurant l’effet de leur stimulation sur la motivation 

pour l’exercice. Cette étude repose sur l’utilisation de différents protocoles de 

conditionnement opérant, dont le principe consiste à apprendre à l’animal à réaliser un 

effort préalable afin d’obtenir une récompense (i.e. un temps limité d’accès à une roue 

d’exercice). Cet effort, e.g. l’introduction du museau à travers un dispositif un nombre 

de fois fixe ("fixed ratio"; FR) puis progressif ("progressive ratio"; PR) permet de 

quantifier l’effort maximal que l’animal accepte de fournir dans un temps imparti (1 

heure) pour accéder à l’exercice physique. Afin d’étudier l’implication des récepteurs 

CB1, ces protocoles de conditionnement opérants ont été combinés à des approches 

génétiques (mutants constitutifs et conditionnels des récepteurs CB1) et 

pharmacologiques (agonistes et antagonistes de ces récepteurs). 

La première partie de ce travail a donc permis de développer un protocole de 

conditionnement opérant chez la souris permettant de distinguer la motivation pour 

l’exercice physique du plaisir de courir. Ainsi, après avoir été conditionnées pendant 

plusieurs sessions quotidiennes en FR1 (une introduction de museau = un accès à la 

roue) puis en FR3 (trois introductions de museau = un accès à la roue), les souris ont 

été soumises à un test de motivation dans lequel le nombre d'introductions pour 

accéder à la roue était augmenté de 3 unités (3, 6, 9…etc) au sein d'une session 

unique (PR). La mesure du niveau maximal d'introductions atteint définit de manière 

quantitative la motivation pour l'exercice. Nous avons tout d'abord démontré qu’un 

antagoniste des récepteurs dopaminergiques D2 diminuait de manière dose-

dépendante la motivation pour courir alors que le temps de course (i.e. le plaisir) restait 

inchangé. De plus, nous avons observé que l’effort maximal fourni par nos animaux 

corrélait avec l’activité des neurones dopaminergiques de l’ATV, validant par la même 

la capacité de notre protocole à discriminer les différentes dimensions de l’exercice 

physique. 

Par l’injection systémique d’antagonistes des récepteurs CB1 ainsi que par l’utilisation 

de mutants constitutifs pour ces récepteurs, cette étude a démontré que les récepteurs 

CB1 contrôlaient la motivation, mais pas le plaisir, pour l’exercice physique. Afin de 



   

 
 

déterminer quelle population de récepteurs était responsable de ce contrôle, nous 

avons ensuite utilisé une autre approche génétique. Ainsi, l’utilisation de (i) mutants 

conditionnels pour les récepteurs CB1 des neurones GABAergiques (GABA-CB1) et 

de (ii) mutants conditionnels délétés pour les récepteurs CB1 totaux chez lesquels ont 

été réexprimés les récepteurs GABA-CB1, a permis de montrer le rôle nécessaire et 

suffisant des récepteurs GABA-CB1 dans la motivation pour l’exercice physique 

(contrôle tonique positif), mais pas dans le plaisir de courir. Au contraire, l’utilisation 

de mutants conditionnels pour les récepteurs CB1 des neurones glutamatergiques 

(Glu-CB1) a permis de montrer que ces récepteurs exercent un contrôle tonique 

négatif sur le plaisir de courir mais ne sont pas impliqués dans la motivation pour 

l’exercice. Des travaux complémentaires, qui ont également utilisé des mutants 

conditionnels, ont permis de montrer que les récepteurs CB1 portés par (i) les 

neurones exprimant Sim1 (i.e. principalement les neurones du noyau paraventriculaire 

de l’hypothalamus et les neurones de l’amygdale) ou (ii) les neurones 

sérotoninergiques ne jouent pas de rôle significatif dans la modulation de la motivation 

pour l'exercice ou du plaisir qu'il engendre. 

Afin de caractériser au niveau anatomique le contrôle exercé par les récepteurs CB1 

sur la motivation pour l’exercice physique, un antagoniste de ces récepteurs a été 

infusé dans l’ATV. Cette infusion a eu un effet similaire à celui produit par son injection 

systémique, suggérant que ce sont des récepteurs CB1 localisés dans cette région qui 

exercent un contrôle de la motivation pour l’exercice. Compte tenu (i) du rôle majeur, 

sinon unique, des récepteurs GABA-CB1 dans la motivation pour l’exercice, et (ii) de 

la localisation principalement présynaptique de ces récepteurs, nous avons émis deux 

hypothèses quant à la population neuronale GABAergique exprimant ces récepteurs : 

(i) intrinsèque au sein de l’ATV (interneurones), ou bien (ii) extrinsèques et projetant 

sur l’ATV. Pour tester la première hypothèse, nous avons croisé une lignée reportrice 

(marqueur fluorescent Ai6) avec les souris portant la construction génétique (cre 

recombinase) utilisée pour générer nos mutants conditionnels pour les récepteurs 

GABA-CB1. Bien que préliminaires, nos résultats suggèrent que les récepteurs GABA-

CB1 contrôlant la motivation pour l’exercice physique ne sont pas localisés sur des 

neurones intrinsèques de l’ATV.  

De nombreux travaux ont montré l’implication des récepteurs CB1 dans la motivation 

pour diverses récompenses telles que certaines drogues d’abus ou des récompenses 



   

 
 

naturelles. Cette implication, médiée par une régulation du système 

mésocorticolimbique au niveau de l’ATV, questionne la spécificité du contrôle des 

récepteurs GABA-CB1 sur la motivation pour l’exercice physique. Afin de répondre à 

cette question, nous avons étendu nos recherches à la motivation pour une autre 

récompense, la nourriture palatable. Nous avons d'abord confirmé l’implication du SEC 

dans la motivation pour la nourriture palatable avant de montrer que les récepteurs 

GABA-CB1 et Glu-CB1 n’était pas impliqués dans cette motivation, indiquant donc que 

leur rôle dépend strictement de la nature de la récompense.  

La deuxième partie de cette étude visait à étudier l’implication du récepteur CB1 dans 

le choix entre l’exercice physique et la nourriture palatable lorsque ces deux 

récompenses sont mises en concurrence. En effet, humains et animaux sont 

quotidiennement confrontés à plusieurs récompenses proposées de manière 

simultanée, leur choix étant basé sur leurs motivations respectives pour ces 

alternatives. Dans ce but, nous avons développé un protocole de conditionnement 

opérant permettant d’étudier la préférence de l’animal entre ces deux récompenses 

proposées de manière mutuellement exclusive (i.e. choisir une récompense annule le 

choix pour l’autre pendant une durée fixe). Par l’utilisation de nos mutants constitutifs, 

nous avons montré l’importance des récepteurs CB1 dans le choix entre ces deux 

récompenses. De manière intéressante, contrairement aux récepteurs Glu-CB1 dont 

la délétion n’a pas eu d’effet significatif sur le choix de l’animal, la délétion des 

récepteurs GABA-CB1 a diminué la préférence pour l’exercice physique au profit de la 

nourriture palatable. Par l’observation du rôle primordial des récepteurs GABA-CB1 

dans la motivation pour l’exercice physique mais pas pour la nourriture palatable, la 

présente étude identifie un mécanisme neurobiologique contribuant à la sédentarité. 

La troisième partie de ce travail avait pour but d’évaluer la possibilité de moduler 

positivement la motivation pour l’exercice. Le contrôle tonique positif exercé par les 

récepteurs GABA-CB1 soulève la question de l’impact d’une stimulation de ces 

récepteurs sur la motivation pour l’exercice. Nous avons donc évalué l’impact d’une 

stimulation aiguë des récepteurs CB1 par l'utilisation d’agonistes directs/indirects de 

ces récepteurs. Bien qu’augmentant la motivation pour la nourriture palatable, ces 

stimulations n’ont pas été en mesure d’augmenter la motivation pour l’exercice 

physique.  



   

 
 

En conclusion, par le développement de protocoles de conditionnement opérant 

permettant la distinction entre (i) la motivation pour l’exercice physique et le plaisir de 

courir, ainsi qu’entre (ii) les motivations pour l’exercice physique et la nourriture 

palatable, la présente étude démontre le rôle spécifique joué par les récepteurs CB1 

exprimés par les neurones GABAergiques sur la motivation pour l’exercice. De plus, 

nos résultats suggèrent que ce contrôle aurait lieu dans l’ATV. Cependant, l’identité 

de la population neuronale GABAergique exprimant ces récepteurs reste à 

caractériser. Les résultats préliminaires de cette étude suggèrent que cette population 

pourrait être des neurones extrinsèques projetant sur l’ATV, bien que l’origine de ceux-

ci reste à caractériser. Cette étude fournit donc un cadre permettant l’étude de 

désordres motivationnels entre l’exercice physique et la prise alimentaire qui pourrait 

s’avérer utile pour le développement de modèles animaux d’obésité et d’anorexie 

nerveuse.  

  



   

 
 

UNITE DE RECHERCHE 

 
Université de Bordeaux  

Neurocentre Magendie – Inserm U1215 

Equipe « Endocannabinoïdes et NeuroAdaptation » 

146 Rue Léo Saignat 

33077 Bordeaux 

France 

 

 

FINANCEMENT 

 

Ce travail a été soutenu par : 

• Une bourse du Ministère de l’Enseignement Supérieur et de la 

Recherche de 2016 à 2019 

• Une bourse de fin de thèse de la « Fondation pour la Recherche 

Médicale » (FDT201904008109) 

  



   

 
 

ACKNOWLEDGMENTS ........................................................................................... 17 

LIST OF PUBLICATIONS ......................................................................................... 21 

LIST OF COMMUNICATIONS .................................................................................. 22 

LIST OF FIGURES ................................................................................................... 23 

LIST OF ABBREVIATIONS ...................................................................................... 25 
 

INTRODUCTION ...................................................................................................... 28 

1. The Endocannabinoid System ....................................................................... 28 

1.1. History .................................................................................................... 28 

1.2. Description .............................................................................................. 30 

1.2.1. The cannabinoid receptors ............................................................. 30 

1.2.1.1. CB1 receptors ............................................................................. 30 

1.2.1.2. CB2 receptors ............................................................................. 33 

1.2.1.3. Other relevant receptors? ........................................................... 33 

1.2.2. The endogenous ligands: the endocannabinoids ........................... 34 

1.2.2.1. Synthesis of endocannabinoids................................................... 36 

1.2.2.2. Transport of endocannabinoids ................................................... 37 

1.2.2.3. Degradation of endocannabinoids ............................................... 38 

1.3. CB1 receptor signaling & neuronal plasticity .......................................... 39 

1.3.1. CB1 receptor intracellular signaling pathways ................................ 39 

1.3.2. CB1 receptor modulation of neurotransmitter release .................... 40 

1.3.3. Short-term plasticity ........................................................................ 41 

1.3.4. Long-term plasticity ........................................................................ 42 

2. Motivation, reinforcement & reward ............................................................... 44 

2.1. Historical of the concepts and definitions ................................................ 45 

2.2. Neurobiology of motivated behaviors ...................................................... 48 

2.2.1. Anatomical considerations .............................................................. 48 

2.2.2. Is dopamine crucial?....................................................................... 50 

2.2.3. Other cellular types in VTA & motivated behaviors ........................ 57 

3. CB1 receptors & reward processing .............................................................. 58 

3.1. CB1 receptors & VTA dopaminergic neurons ......................................... 58 

3.2. CB1 receptors & dopamine release ........................................................ 61 

3.3. CB1 receptors & motivated behavior ...................................................... 63 

4. Physical activity: from humans to animal models ........................................... 68 

4.1. Why studying physical activity? .............................................................. 69 



   

 
 

4.2. Physical activity as a natural reward ....................................................... 71 

4.3. Physical activity in eating disorders: the case of anorexia nervosa ........ 73 

4.4. Motivation for physical activity – a common feature of food-related 
disorders? .......................................................................................................... 76 

4.5. Animal models of physical activity .......................................................... 76 

4.6. Regulators of wheel-running ................................................................... 77 

4.7. CB1 receptors & wheel-running .............................................................. 79 
 

OBJECTIVES ........................................................................................................... 83 

Chapter 1 – Development of an operant conditioning paradigm to study 
wheel-running motivation ........................................................................ 83 

Chapter 2 – Role of CB1 receptors in motivation for wheel-running ....... 84 

Chapter 3 – Modulation of wheel-running motivation .............................. 85 

Chapter 4 – On-going experiments ......................................................... 87 
 

MATERIALS & METHODS ....................................................................................... 89 

1. Animals .......................................................................................................... 89 

2. Post-weaning social isolation rearing ............................................................. 91 

3. Operant conditioning paradigm ...................................................................... 91 

3.1. Wheel-running protocol ........................................................................... 92 

3.2. Palatable food ......................................................................................... 94 

3.3. Choice between wheel-running and palatable food ................................ 96 

3.4. Behavioral readouts ................................................................................ 98 

4. Local intra-VTA drug infusion ......................................................................... 99 

4.1. Surgery ................................................................................................... 99 

4.2. Drug infusion ........................................................................................... 99 

4.3. Analysis of canulae placements .............................................................. 99 

5. Local deletion of CB1 receptors in the lateral hypothalamus (LH) ............... 100 

5.1. Animals and viruses .............................................................................. 100 

5.2. Surgery ................................................................................................. 100 

5.3. Analysis of the injection sites and viral expression ............................... 100 

6. Drugs ........................................................................................................... 101 

7. Statistics ...................................................................................................... 102 
 

 



   

 
 

RESULTS ............................................................................................................... 103 

Chapter 1 – Development of an operant conditioning paradigm to study wheel-
running motivation ............................................................................................... 103 

Chapter 2 – Role of CB1 receptors in motivation for wheel-running ................... 105 

Objective 1 – Pharmacological findings ........................................................... 105 

Objective 2 – Genetic findings ......................................................................... 105 

Objective 3 – Specificity of the role of the endocannabinoid system in wheel-
running motivation: comparison with palatable food motivation ....................... 115 

Objective 4 – Role of CB1 receptors in a wheel-running/palatable food choice 
paradigm ......................................................................................................... 119 

Chapter 3 – Modulation of wheel-running motivation .......................................... 122 

Objective 1 – CB1 receptor stimulation and wheel-running motivation ............ 122 

Objective 2 – Doping agents and wheel-running motivation: the example of 
glucocorticoids ................................................................................................. 123 

Objective 3 – Illustration of the limits of free wheel-running paradigms for the 
study of human pathologies: the ABA model ................................................... 124 

Chapter 4 – On-going experiments ..................................................................... 126 

Objective 1 – CB1 receptors and wheel-running motivation: where are they? 126 

Objective 2 – Evaluating VGAT as a new promoter to study the role of CB1 
receptors on GABAergic neurons in running motivation .................................. 133 

 

GENERAL DISCUSSION ....................................................................................... 142 

1. Wheel-running is a potent reinforcer in mice ................................................ 142 

2. CB1 receptors control wheel-running reinforcing properties ........................ 144 

2.1. CB1 receptors control wheel-running motivation .................................. 144 

2.2. GABA-CB1 receptors are necessary and sufficient for wheel-running 
motivation ........................................................................................................ 145 

2.3. Glu-CB1 receptors control wheel-running performances ...................... 147 

2.4. Are other CB1 receptor populations involved in wheel-running? .......... 147 

2.5. Anatomical location of CB1 receptor control over wheel-running 
motivation ........................................................................................................ 149 

2.6. VGAT cre-expressing mice as a complementary genetic approach ..... 152 

2.7. CB1 receptor stimulation does not impact wheel-running 
motivation/performance ................................................................................... 153 

3. Separate CB1 receptor populations control wheel-running and palatable food 
motivations .......................................................................................................... 154 

4. CB1 receptors control the choice for wheel-running over palatable food ..... 155 



   

 
 

5. Increasing exercise motivation ..................................................................... 158 

5.1. Glucocorticoid ergogenic effects do not involve increased exercise 
motivation ........................................................................................................ 158 

5.2. ABA phenotype is not accounted for by increased exercise motivation 159 
 

CONCLUSION ........................................................................................................ 161 
 

REFERENCES ....................................................................................................... 162 
 

ANNEXES .............................................................................................................. 216 

 



   

17 
 

ACKNOWLEDGMENTS 

En premier lieu, je tiens à remercier Dr Martine Cador d’avoir accepté de présider ce 

jury de thèse, ainsi que Dr. Camilla Bellone et Dr. Jacques Barik d’avoir accepté de 

juger mon travail de thèse en tant que rapporteurs. Mes remerciements vont également 

aux Dr. Shauna Parkes, Dr. Serge Ahmed et Dr. Marcelo Solinas pour leur 

participation à ce jury. Par ces quelques lignes je tiens à vous exprimer ma gratitude 

pour votre participation. 

Je tiens également à remercier Dr François Georges et Dr Giulia Fois pour leur 

collaboration précieuse à ce projet et pour les discussions et conseils constructifs.  

Mes remerciements vont également à mon directeur de thèse, Francis Chaouloff. Si 

je n’ai pas mis le titre devant le nom, c’est parce que ces lignes ne s’adressent pas 

qu’au scientifique. J’ai bien conscience du traitement de faveur que j’ai eu, de travailler 

avec Francis (j’insiste sur le mot « avec »), je garde en tête toutes ses leçons, même 

si leur application nécessitera un travail quotidien. Si se lancer dans une thèse implique 

de se « [préparer] à des nuits blanches, des migraines, des nervousses brékdones 

comme on dit de nos jours », le faire sous sa direction est un privilège permettant 

d’apprendre, de penser et de proposer des idées librement (quitte à se laisser entendre 

qu’elles sont mauvaises, mais toujours avec pédagogie… ou une blague) mais 

également d’apprendre à valoriser chaque expérience même si elle paraît, au premier 

abord, vraiment décevante. Et tout cela avec un soutien inconditionnel faisant toujours 

passer l’aspect humain avant tout. J’espère faire honneur à tout ce qu’il m’a appris, 

par ce travail mais également dans le futur. Ma plus grande fierté restera de n’avoir 

jamais été mis en défaut par une référence cinématographique ou musicale, ainsi que 

de n’avoir jamais démérité aux concours de jeux de mots. Merci 

Obviously, my acknowledgments go to The Marsicano Team, with capital letter to every 

word, starting with our charismatic Master & Commander, Giovanni Marsicano. 

Thank you for giving me the opportunity to be part of your team, for your support and 

advice in difficult time, for the trust and confidence you give to all members of this 

group, and for creating such an amazing atmosphere in and around the lab.  

This atmosphere started right in our beloved I4 office with: Arnau Busquets-Garcia, 

gràcies per portar-me en aquesta aventura, gràcies per tots els teus consells, el teu 



   

18 
 

suport, les sortides de "running" o cervesa, no crec que calgui recordar l'admiració que 

tinc per tu; José Cruz, gostaria de ter citado Quim, no entanto, dada a admiração que 

tenho por ti, prefiro agradecer-lhe por estes momentos passados e pelas suas 

palavras inspiradoras... e o “memes”... desde que dure; Edgar Soria-Gomez, gracias 

hermano, por estos momentos pasados, por tus consejos y tu estímulo en la mayor 

de las calamidades, por todas estas "grandes cañas"... y por tu silla de oficina ; 

Christina « Chrichri » Ionannidou, ευχαριστώ Chrichri, πρώτα απ 'όλα που 

κατάφερα να επιβιώσω από τα αστεία μου, και ειδικά για τα απόλαυσα. Σημειώνω ότι 

δεν ήταν τυχαίο που ήμασταν μαζί στη Μαδρίτη: η φιλία μας "marche très bien". 

Because the I4 office is a spirit, I want to thank also past/present members: the sweet 

Maria Carmen Medrano, probably the best public for my jokes I ever had by my side, 

GianLuca Lavanco, “Jean-Luc Lavanque” the most surprising office mate and Ana 
Covelo, often locked in ephy room to escape my jokes. Thank you all for everything. 

Je ne peux que dédier un paragraphe à celle qui m’a accompagné et soutenu pendant 

toutes ces années, une personne exceptionnelle et surprenante… et sans qui je 

n’aurais jamais su quand m’alimenter, Marjorie Varilh, merci pour tout (inférieur à 3). 

Don’t be fooled, other offices are also great. I want to thank Geoffrey Terral, pour 

toutes ces aventures ici ou ailleurs (LA, Bilbao…) ; Antonio Pagano Zottola, grazie 

Toto per tutti questi momenti, pettegolezzi, aneddoti e il tuo buon umore, tu sei 

grandissimo; Astrid Cannich, endlich eine Gelegenheit, Ihnen die immense 

Bewunderung zu zeigen, die ich für Sie habe, ein wahres Vorbild; Roman Serrat, for 

this magic trick “playing-cards appearance” and his intemporal French accent; Su 
Melser, the Calm incarnated; Laurie Robin, pour nos discussions, parfois franches et 

directes, mais toujours affectueuses; Zhe Zhao, 谢谢你的一切，我的朋; Luigi 

Bellocchio, l’unica persona le cui battute sono peggiori delle mie ; Virginie Morales, 

merci pour ton soutien toutes ces années. 

Now that I thank the people that welcomed me, let’s thank people that I welcomed: 

Emma Mesguich, si la vie était une soudure, tu en serais le flux; Imane Hurel, merci 

d’avoir eu un esprit critique sur mon repertoire musical et mon humour; Yamuna 
Mariani, grazie per i duetti di Laura Pausini e Roma Roma attraverso il laboratorio; 

Christopher Stevens, in your language you say “Ní neart go cur le chéile” and I think 

it’s beautiful (no); Paula Sotres Gomez, gracias por los rasguños, no olvidamos, no 



   

19 
 

perdonamos; Urszula Skupio, dziękuję za bycie moim jedynym towarzyszem żartów 

i kultury słowiańskiej; Abel Eraso, no oblideu mai l’anècdota del pebrot i el clavell, ens 

trobarem al “virage sud” amic meu ; Alex Fletcher-Jones, thanks for staying so calm 

when we repeatedly massacre your mother language; Ignacio Fernandez, sólo me 

arrepiento de una cosa: no haber podido ver cómo te cortaste el pelo en una noche 

loca, como le prometiste; Francisca Julio, gracias por el curso avanzado de chileno, 

no olvidaré "pololo". 

Some stayed shortly in the lab, but much longer in the heart: Carol “bambolina” 
Stella, grazie per tutte le lunghe conversazioni, le situazioni improbabili e tutte le birre, 

qui o in qualsiasi paese, non si fermerà tanto presto; Violeta “Vivi” Araque, gracias 

por todos los tiempos locos hermanita; Justine Daniault, je pense que l’anecdote 

japonaise se suffit à elle-même. 

Merci à la clique de Bordeaux, Geoffrey, Thomas, Eva, Marie, Tifenn, Camille, 

Dylan, Julien et tous ceux qui gravitaient autour de ce noyau dur. Malgré votre mépris 

pour mon club de cœur qui m’a valu des quolibets récurrents, parfois blessants, je 

vous apprécie. On a ri, pensé, philosophé… on a bien profité de la vie quoi. 

Merci vraiment du fond du cœur ! 

Bien évidemment mes remerciements vont à Chris, Alex, Greg, Charlène, Diane, 

Clémence, Mathias et tous ceux que j’oublie qui ont rythmé toutes ces années. Ah ça 

quand t’aime rigoler et bourlinguer, t’aime rigoler et bourlinguer. Merci pour tous ces 

moments si particuliers autour de quelques verres, assortis de pas de dance 

impeccables et d’un comportement toujours empathique, ces rencontres toujours 

inattendues (Mathieu, Yaya). Je ne pense pas prendre de risque en disant que tout ça 

restera durablement gravé, et se poursuivra ici ou ailleurs. 

Je tiens à remercier mes muses Alice, Céline, Manon, des bons moments passés, 

un soutien indéfectible et une amitié qui dure depuis les premiers moments sur les 

bancs de la fac. Pour rester dans la team clermontoise, je remercie Maxime, Lucas, 

Julien qui ont transformé chaque retour au pays, mais également chaque pays, en 

aventures. 

Merci à toute ma famille, mes parents Marie-Paule et Michel, ma sœur Marion, Julien 

et le petit nouveau Hyacinthe, ainsi qu’à Anne-Marie, Florence, Sandra, Vincent, 
Philippe, Catherine. Et tous les autres que je n’ai pas la place de citer mais qui sont, 



   

20 
 

et ont toujours été là. Evidemment une pensée à tous ceux qui sont partis et qui ne 

liront pas ces mots. Je ne vais pas faire l’arbre généalogique évidemment, mais je 

veux par ces quelques lignes exprimer ma gratitude à tout le monde parce que la 

famille c’est la chose la plus importante que l’on puisse avoir. La mienne restera la 

base grâce à laquelle j’ai pu me construire. Merci 

Enfin je ne pouvais terminer ces remerciements sans citer deux personnes/entités qui 

ont rendu mon quotidien vivable, mes samedis et dimanches après-midis au labo 

presque euphoriques, et qui m’ont permis d’atteindre le nirvana, le pinacle de l’extase 

par deux fois. Il s’agit évidemment de Didier Deschamps pour cette deuxième étoile 

le 15 juillet 2018. Et enfin…. L’ASM Clermont Auvergne, représentée par son fidèle 

guerrier Aurélien Rougerie, et l’infatigable Morgan Parra, qui gratta ce dernier ballon 

le 4 juin 2017. 

Merci… 

  



   

21 
 

LIST OF PUBLICATIONS 

Busquets-Garcia, A., Soria-Gómez, E., REDON, B., Mackenbach, Y., Vallée, M., 
Chaouloff, F., Varilh, M., Ferreira, G., Piazza, P.-V., and Marsicano, G. (2017). 
Pregnenolone blocks cannabinoid-induced acute psychotic-like states in mice. 
Molecular Psychiatry 22, 1594–1603. 

Busquets-Garcia, A., Cruz, J.F. da, Terral, G., Zottola, A.C., Soria-Gómez, E., Contini, 
A., Martin, H., REDON, B., Varilh, M., Ioannidou, C., et al. (2018). Hippocampal CB1 
Receptors Control Incidental Associations. Neuron 99, 1247-1259.e7. 

Muguruza* C., REDON* B., Fois GR., Hurel I., Scocard A., Nguyen C., Stevens C., 
Soria-Gomez E., Varilh M., Cannich A., Daniault J., Busquets-Garcia A., Pelliccia T., 
Caillé S., Georges F., Marsicano G., and Chaouloff F. (2019). The motivation for 
exercise over palatable food is dictated by cannabinoid type-1 receptors. JCI 
Insight 4, e126190. 

REDON, B., Hurel, I., Marsicano, G., and Chaouloff, F. (2019). An Operant 
Conditioning Task to Assess the Choice between Wheel Running and Palatable 
Food in Mice. Bio-protocol, 9(19): e3381 

REDON, B., Violleau, C., Georges, F., Marsicano, G., and Chaouloff, F. (2019). The 
ergogenic impact of the glucocorticoid prednisolone does not translate into 
increased running motivation in mice. Psychoneuroendocrinology 111, 104489. 

Hurel*, I., REDON*, B., Scocard, A., Malezieux, M., Marsicano, G., and Chaouloff, F. 
(2019). Beyond the Activity-Based Anorexia Model: Reinforcing Values of 
Exercise and Feeding Examined in Stressed Adolescent Male and Female Mice. 
Frontiers in Pharmacology 10, 587. 

Medrano*, M., Hurel*, I., Mesguich, E., REDON, B., Stevens, C., Georges, F., Melis, 
M., Marsicano, G., and Chaouloff, F. (2020). Exercise craving potentiates excitatory 
inputs to ventral tegmental area dopaminergic neurons. Addiction Biology e12967. 

Hurel*, I., Muguruza*, C., REDON, B., Marsicano, G., and Chaouloff, F. (2021). 
Cannabis and exercise: Effects of Δ9-tetrahydrocannabinol on preference and 
motivation for wheel-running in mice. Progress in Neuro-Psychopharmacology & 
Biological Psychiatry 105, 110117. 

*share first authorship  



   

22 
 

LIST OF COMMUNICATIONS 

 

ORAL COMMUNICATION 

Symposium NutriNeuro, Bordeaux, France (2018): 

Feeding, running, how motivated are you? A role for the endocannabinoid 

system 

POSTERS 

Symposium Neurocentre Magendie, Bordeaux, France (2018) : 

Motivation for exercise and food intake: role of the endocannabinoid system.  

REDON B., Daniault J., Hurel I., Scocard A., Varilh M., Medrano MC., Marsicano 

G., Chaouloff F. 

Society for Neurosciences, San Diego, USA (2018): 

Role of the endocannabinoid system in wheel-running preference/motivation. 

REDON B., Muguruza C., Marsicano G., Chaouloff F. 

International meeting NeuroFrance 2019, Marseille, France (2019):   

Cannabinoid type-1 receptors on GABAergic neurons are necessary and 

sufficient for running motivation, REDON B, Hurel I., Muguruza C., Marsicano 

G., Chaouloff F. 

6th Bordeaux Neurocampus conference, Normal and pathological reward processing, 

Bordeaux, France (2019):   

Cannabinoid type-1 receptors on GABAergic neurons are necessary and 

sufficient for running motivation, REDON B, Hurel I., Muguruza C., Marsicano 

G., Chaouloff F. 

FENS Virtual Forum (2020): 

Effects of cannabinoid receptor type-1 stimulation on mouse motivation and 

craving for wheel-running, REDON B, Hurel I, Muguruza C, Mesguich E, 

Marsicano G, Chaouloff F. 



   

23 
 

LIST OF FIGURES 

Figure 1 - Distribution of CB1 receptors throughout the mouse brain ................... 31 

Figure 2 - Endogenous cannabinoids ................................................................... 35 

Figure 3 - Endogenous allosteric modulators of CB1 receptors ............................ 35 

Figure 4 - Synthesis and degradation of the two main endocannabinoids 

AEA and 2-AG ..................................................................................... 37 

Figure 5 - Dopaminergic neurons encode reward prediction error (RPE) ............. 51 

Figure 6 - DA concentration in the nucleus accumbens core reflects the 

value of working for a reward ............................................................... 56 

Figure 7 - Operant chamber configuration for wheel-running protocol .................. 92 

Figure 8 - Operant chamber configuration for palatable food ............................... 94 

Figure 9 - Operant chamber configuration for the choice between wheel-

running and palatable food .................................................................. 96 

Figure 10 - Logigram of the choice between wheel-running and palatable 

food ...................................................................................................... 98 

Figure 11 - Wheel-running reinforcing properties were not altered in mice 

expressing the Cre recombinase under the Dlx5/6 promoter ............. 109 

Figure 12 - The deletion of CB1 receptors from Sim1-positive neurons did 

not alter wheel-running reinforcing properties under FR 

schedules........................................................................................... 111 

Figure 13 - The deletion of CB1 receptors from Sim1-positive neurons 

altered neither running motivation nor running performance ............. 112 

Figure 14 - The deletion of CB1 receptors from TPH2-expressing neurons 

did not affect wheel-running under FR schedules .............................. 113 

Figure 15 - Effects of CB1 receptor deletion from TPH2-positive neurons on 

wheel-running under PR schedule ..................................................... 114 

Figure 16 - Mice with cre recombinase expression under the Dlx5/6 

promoter display no alteration in palatable food motivation ............... 118 

Figure 17 - Expression of the Dlx promoter, as assessed by the cre-

dependent expression of an Ai6 fluorescent reporter (green) in 

the ventral tegmental area ................................................................. 129 

https://d.docs.live.net/c4ccb7f98cba8f49/Pro/PhD%20Bordeaux/Redaction%20PhD/Dossier%20de%20travail/these_BR_final.docx#_Toc59029319
https://d.docs.live.net/c4ccb7f98cba8f49/Pro/PhD%20Bordeaux/Redaction%20PhD/Dossier%20de%20travail/these_BR_final.docx#_Toc59029319


   

24 
 

Figure 18 - Deletion of CB1 receptors from the lateral hypothalamus did not 

impact operant responses and running performances under FR 

schedules........................................................................................... 131 

Figure 19 - Deletion of CB1 receptors from lateral hypothalamic neurons 

increased running motivation but not performance ............................ 132 

Figure 20 - Deletion of CB1 receptors from VGAT-positive neurons 

decreases wheel-running motivation but not performance ................ 134 

Figure 21 - Wheel-running reinforcing properties are decreased in mice 

expressing a Cre recombinase under the VGAT promoter on 

agouti background ............................................................................. 136 

Figure 22 - VGAT-CB1-KO mice and VGAT-Cre (+) mice do not display 

alterations in palatable food motivation, compared to their WT 

littermates. ......................................................................................... 138 

Figure 23 - Wheel-running reinforcing properties were not altered in mice 

expressing the Cre recombinase under the VGAT promoter on a 

C57Bl/6J genetic background ............................................................ 141 

  



   

25 
 

LIST OF ABBREVIATIONS 

2-AG 2-arachidonoylglycerol 
6-OH-DA  6-hydroxydopamine 
ABA  Activity-Based Anorexia 
ABDH4 α/β-hydrolase domain type 4 
ABDH6  α/β-hydrolase domain type 6 
ABDH12  α/β-hydrolase domain type 12 
AC Adenylate Cyclase 
Ach Acetylcholine 
AEA Anandamide  
AN Anorexia Nervosa 
ATP Adenosine Triphosphate 
BDNF  Brain-Derived Neurotrophic Factor 
BNST  Bed Nucleus of the Stria Terminalis 
CA3 Cornu Ammonis 3 
cAMP  Cyclic Adenosine Monophosphate 
CB1 receptors  Cannabinoid type-1 receptors  
CB2 receptors  Cannabinoid type-2 receptors 
CCK  Cholecystokinin  
ChAT Choline Acetyltransferase 
CIN Cholinergic Interneuron 
CNS Central Nervous System 
COX2  Cyclooxygenase 2  
CPA  Conditioned Place Aversion 
CPP  Conditioned Place Preference 
CS Conditioned Stimulus 
D1R  Dopamine D1 receptors  
D2R  Dopamine D2 receptors  
D3R  Dopamine D3 receptors  
DA Dopamine 
DAG Diacylglycerol  
DAT  Dopamine Transporter 
DGL  Diacylglycerol Lipase  
DIG  Digoxigenin 
DOR Delta Opioid Receptor 
DRN Dorsal Raphe Nucleus 
DSE  Depolarization-Induced Suppression of Excitation 
DSI Depolarization-Induced Suppression of Inhibition  
DSM-5 Diagnostic and Statistical Manual of Mental Disorders 5 
ECS Endocannabinoid System 
EPSC  Excitatory Postsynaptic Current  
ER  Estrogen Receptor 
ERK1/2  Extracellular-regulated Kinases 1/2 



   

26 
 

ES Embryonic Stem (cells) 
FAA  Food-Anticipatory Activity 
FAAH Fatty Acid Amide Hydrolase  
FABPs  Fatty Acid Binding Proteins  
FR Fixed Ratio 
FSCV  Fast-Scan Cyclic Voltammetry 
GABA  γ Aminobutyric Acid  
GAD Glutamate Decarboxylase 
GDE1  Glycerophosphodiesterase 1 
GFP  Green Fluorescent Protein 
GIRK G Protein-Coupled Inwardly Rectifying Potassium Channel 
GPCR  G Protein-Coupled Receptors 
GPR55  G Protein Coupled Receptor 55  
GR Glucocorticoid Receptor 
HRP  Horseradish Peroxidase 
HSP70  Heat Shock Protein 70 
HVR High Voluntary Running  
ICSS  Intracranial Self-Stimulation  
IGF1 Insulin-Like Growth Factor 1 
i.p. Intraperitoneal 
IP3 Inositol Triphosphate 
IPSC  Inhibitory Postsynaptic Current  
LEA  Linoleoylethanolamide  
LH Lateral Hypothalamus 
LOX  Lipoxygenase  
LTD  Long-Term Depression 
LTP  Long-Term Potentiation 
LVR Low Voluntary Running 
M1  Type 1 Acetylcholine Metabotropic Receptors  
M3 Type 3 Acetylcholine Metabotropic Receptors  
MAPK Mitogen-Activated Protein Kinases 
MGL Monoacylglycerol Lipase  
mGluR1/5  Type-1/5 Metabotropic Glutamate Receptor  
MOR  µ Opioid Receptor 
MSN  Medium Spiny Neurons  
NAc Nucleus Accumbens 
NAPE N-arachidonoyl phosphatidylethanolamine  
NAPE-PLD  N-acylphosphatidylethanolamine-hydrolyzing phospholipase D  
NAT  N-acyltransferase 
NP  Nose Poke 
NS Non Significant 
NTS1 Neurotensin Receptor 1 
OEA  Oleoylethanolamide  
OX1 Orexin Receptor 1 



   

27 
 

PCR Polymerase Chain Reaction 
PEA  Palmitoylethanolamide  
PET  Positron Emission Topography 
PFC  Prefrontal Cortex 
PKA  Protein Kinase A  
PLCβ Phospholipase Cβ  
PR Progressive Ratio 
PTPN22  Protein Tyrosine Phosphatase N22 
PVN Paraventricular Nucleus of The Hypothalamus 
PWIR Post-Weaning Social Isolation Rearing 
RMTg Rostromedial Tegmental Nucleus 
RNA  Ribonucleic Acid 
RPE  Reward Prediction Error 
Sim1 Single-Minded 1 
SN Substantia Nigra 
SON  Supraoptic Nucleus of The Hypothalamus  
STAT3 Signal Transducer and Activator of Transcription 3 
THC  Δ9-tetrahydrocannabinol  
TH  Tyrosine Hydroxylase 
TPH2 Tryptophane Hydroxylase 2 
TRPV1  Transient Receptor Potential Vanilloid Type 1  
TSA  Tyramide Signal Amplification 
US Unconditioned Stimulus 
VEGF  Vascular Endothelial Growth Factor 
VGAT Vesicular GABA Transporter  
VGCCs  Voltage-Gated Calcium Channels  
VGLUT-2  Vesicular Glutamate Transporter 2  
VMAT2  Vesicular Monoamine Transporter 2 
VP  Ventral Pallidum  
VR Variable Ratio 
VTA Ventral Tegmental Area  
WT Wild type 
 

  



INTRODUCTION 1 - The Endocannabinoid System 

28 
 

INTRODUCTION 

1. The Endocannabinoid System 

1.1. History 

Already hypothesized in the mid-20th century before being characterized in the early 

90's, the endocannabinoid system is a neuromodulatory system that has been named 

after the plant Cannabis sativa L. and its components, the cannabinoids. In order to 

understand how this system was brought to light, one must trace back the history of 

cannabis use.  

Cannabis has been cultivated in China as early as 4000 years B.C. for the plant fiber. 

Its first use for medical and psychoactive properties is documented in the world oldest 

pharmacopeia, the Pen-tsao Ching based on oral tradition dated around 2,700 BC in 

China, and also in the Atharva Veda, a collection of sacred texts from the region of 

India (Zuardi, 2006). Cannabis was thus used to treat several afflictions such as pain, 

digestive disorders, and inflammation, as well as for religious purposes. Interestingly, 

its psychoactive action was also described in the Pen-tsao Ching: “the fruit, if taken in 

excess, will produce visions of devils… over a long term, it makes one communicate 

with spirits". Progressively, the use of cannabis spread to the Middle East, Africa and, 

by means of the Atlantic slave trade, to America.  

Cannabis use in most of Western countries finds its roots in the 19th and 20th centuries, 

with the initial work and findings of two physicians: William O’Shaughnessy and 

Jacques-Joseph Moreau. The former served in India where he wrote a seminal work 

“On the preparation of the Indian hemp, or gunjah” when the latter was a psychiatrist 

that travelled to Middle East and was more interested in the psychotropic effect of the 

plant with the aim to fight mental diseases (O’Shaughnessy, 1843). Following this 

introduction in western use, cannabis has been extensively studied for diseases 

lacking therapeutic solutions. In the early 20th century, cannabis extracts were used for 

sedative/hypnotic, analgesic, or appetitive/digestive purposes whilst cannabis 

recreational use started. 

This period saw numbers of new cannabis-derived therapeutics options arising in 

conjunction with innovation in pharmacology, immunology, and medical technics. 

However, lack of consent on the true therapeutic properties of cannabis and the 
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growing awareness on the addictive properties of cannabis use led to a decrease in 

the medical interest for cannabis products. More recently, with the expanding use of 

cannabis for its hedonic impact and hence the observation of its positive consequences 

in several pain-associated illnesses, there has been a recent surge of interest for its 

clinical use as a pain killer and its anti-vomiting properties in patients undergoing 

chemotherapy.  

In the 60’s, the chemical structure of the main psychoactive component of Cannabis 

sativa L., namely the Δ9-tetrahydrocannabinol (THC) was discovered by Gaoni and 

Mechoulam (Gaoni and Mechoulam, 1964). This discovery drove intense research on 

the effect of THC and especially in an attempt to elucidate its mechanism of action. 

Because of its lipidic nature, THC was first thought to putatively act through a 

nonspecific mechanism by interacting with hydrophobic membranes (Mechoulam et 

al., 2014). However, the 80’s were a period of intense research and receptor 

description, especially in the hormonology domain, and it was observed by Howlett and 

colleagues that THC altered the functioning of an enzyme linked to receptor-associated 

G protein intracellular transmission, namely the adenylate cyclase (AC;Howlett and 

Fleming, 1984). This effect was sensitive to pertussis toxin (Howlett et al., 1986), thus 

demonstrating that THC was acting at a G protein-coupled receptor (GPCR). The 

pharmacological displacement of a highly potent synthetic analogue firmly 

demonstrated the existence of cannabinoid type-1 (CB1) receptors in the brain 

(Devane et al., 1988), later cloned thus revealing its structure (Matsuda et al., 1990). 

This discovery suggested the existence of endogenous ligands for these receptors. 

Indeed, some years after CB1 receptor discovery, the first endogenous ligand was 

isolated, namely N-arachidonylethanolamine, which was then called anandamide 

(AEA) after the Sanskrit word ananda (“bliss” or “joy”; Devane et al., 1992). Still in the 

90’s, a second cannabinoid receptor was described in peripheral organs (but see 

below), thus named cannabinoid type-2 (CB2) receptors (Munro et al., 1993). 

Research was striving to investigate the role of CB1 receptors in multiple physiological 

processes as well as in THC effects; however, the lack of antagonist(s) for these 

receptors impeded firm conclusions on the specificity of the phenotypes observed. The 

discovery of the first CB1 receptor antagonist, namely SR141716A or rimonabant 

(Rinaldi-Carmona et al., 1996), expanded the characterization of the endocannabinoid 

system. During this intensive research period, a second endogenous ligand was 
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described and isolated, i.e. 2-arachidonoylglycerol (2-AG; Mechoulam et al., 1995; 

Sugiura et al., 1995). Since then, several other endogenous ligands were 

characterized with specificities differing from those of AEA and 2-AG; however, these 

are currently much less described (Mechoulam et al., 2014). The discovery of the 

endocannabinoid system rose the question of its role. Twenty years ago, it was 

discovered that endogenous cannabinoids act through retrograde signaling (Wilson 

and Nicoll, 2001) and mediate activity-dependent synaptic plasticities (Kano et al., 

2009). 

 

1.2. Description 

The endocannabinoid system comprises four main elements with (i) the receptors, (ii) 

their ligands (the so-called endocannabinoids), and the machineries for their (iii) 

synthesis and (iv) degradation. One of the major characteristics of this system is 

retrograde signaling whereby endocannabinoids are produced “on-demand” (no 

storage in vesicles) postsynaptically to travel backward within the synaptic cleft and 

exert their effects mainly (but not exclusively) through binding at presynaptic CB1 

receptors. In this section, I will describe the different components of the system as well 

as their characteristics and distribution before addressing the role of CB1 receptors in 

synaptic plasticity. 

1.2.1. The cannabinoid receptors 

1.2.1.1. CB1 receptors 

These receptors are the main mediators of endogenous (i.e. AEA and 2-AG) and 

exogenous (e.g. ∆9-THC) cannabinoids in the central nervous system (CNS). In the 

early 90’s, the use of the radio-labeled cannabinoid analogue [3H]CP55,940 initiated 

the characterization of CB1 receptors in rat brain membranes and suggested their 

coupling to a G protein (Devane et al., 1988). Later, its molecular identity was firmly 

assessed by receptor cloning (Matsuda et al., 1990). Further studies next evidenced 

coupling of the receptor to Gi/o proteins (Devane et al., 1988; Howlett, 2002; Howlett et 

al., 1986; Pertwee, 1997). Its structure consists in seven transmembrane domains 

linked by 3 intracellular and 3 extracellular loops, its extracellular N-terminal domain 

bearing posttranslational modification sites (Shim, 2010), whose influences are not 

fully characterized. Recently, CB1 receptors were crystalized (Hua et al., 2016, 2017; 
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Shao et al., 2016), allowing a fine investigation of the site of action of their ligands. In 

addition to its monomeric form, dimerization of CB1 receptors has been observed 

(Wager-Miller et al., 2002), including within heteromers where it is associated with CB2 

receptors (Callén et al., 2012), dopamine D2 receptors (D2R) or opioid receptors 

(Mackie, 2005). However, the functional relevance of such complexes is still unknown. 

[3H]CP55,940 binding studies (Devane et al., 1988; Herkenham et al., 1990) unraveled 

CB1 receptor distribution across the CNS, revealing that it can be considered the most 

expressed GPCR in the brain (Herkenham et al., 1990). As reviewed by Kano et al. 

(Kano et al., 2009), the highest levels of CB1 receptor binding were observed in the 

olfactory bulb, the hippocampus (especially in the regions of the dentate gyrus and the 

CA3), the lateral striatum, the globus pallidus, the entopeduncular nucleus, the 

substantia nigra (SN) pars reticulata and the cerebellar molecular layer. Moderate 

levels were observed in the cerebral cortex (mostly in the frontal, parietal, and cingulate 

regions), the septum, the amygdala, the hypothalamus (mostly in the ventromedial 

hypothalamus), the lateral subnucleus of interpeduncular nucleus, the parabrachial 

nucleus, the nucleus of the solitary tract and the spinal dorsal horn. Finally, low levels 

of CB1 receptor binding were observed in the thalamus and in brain stem nuclei.  

 

Figure 1 - Distribution of CB1 receptors throughout the mouse brain. (A) Sagittal slice (B) Coronal 

slice at the level of the striatum (C) Coronal slice (D) Sagittal slice of a CB1-KO mouse brain (E) Spinal 

cord (adapted from Kano et al. 2009). 
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CB1 receptors are mainly located at presynaptic terminals (Freund et al., 2003), but 

studies have indicated that it might also be located postsynaptically where, in keeping 

with the postsynaptic location of endocannabinoid synthesis/release, it might play an 

autocrine role (Bacci et al., 2004). This consideration is of prime importance, especially 

for projection neurons, considering that for a given brain area the mRNA expression 

might be quantitatively important when CB1 receptor immunolabelling might be scarce 

because of its restricted location to the terminal region. One of the best illustrations for 

this dichotomy is provided by the medium spiny neurons (MSN) of the ventral striatum 

(Kano et al., 2009). As neuromodulators, CB1 receptors modulate synaptic 

transmission (detailed in the following sections) of a wide variety of neurotransmitters, 

including GABA, glutamate, serotonin, acetylcholine (Ach), or cholecystokinin (CCK) 

among others (Cohen et al., 2019). Accordingly, CB1 receptors are found on 

presynaptic terminals of GABAergic and glutamatergic neurons (Katona et al., 2006; 

Mátyás et al., 2008), with a higher density on the former terminals than in the latter 

terminals within several brain regions  (Kawamura et al., 2006). This observation could 

explain the biphasic effects of cannabinoids drugs on several behaviors such as food 

intake (Bellocchio et al., 2010), locomotion (Sañudo-Peña et al., 2000) and anxiety 

(Rey et al., 2012). However, [S35]GTPɣS experiments have indicated that differences 

in CB1 receptor densities between inhibitory and excitatory terminals are 

counterbalanced by differences in CB1 receptor coupling efficiencies (i.e. CB1 

receptors on excitatory terminals are more strongly coupled to G protein signaling than 

receptors on inhibitory terminals: Steindel et al., 2013). 

Even though mainly expressed on neurons, CB1 receptors are also present on glial 

cells such as astrocytes (Gutiérrez‐Rodríguez et al., 2018; Han et al., 2012; Stella, 

2010). Therein, CB1 receptor stimulation induces an increase in intracellular calcium 

through coupling to Gq/11 protein (Navarrete and Araque, 2008, 2010) thereby triggering 

gliotransmission (Cruz et al., 2016; Robin et al., 2018). Moreover, as suggested from 

the lipidic nature of their ligands, CB1 receptors are also found in subcellular 

compartments, especially in association to mitochondria (Bénard et al., 2012; Hebert-

Chatelain et al., 2014, 2016; Koch et al., 2015), their activation regulating negatively 

mitochondrial respiration, and hence, affecting higher brain functions such as memory 

(Hebert-Chatelain et al., 2016). 
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1.2.1.2. CB2 receptors 

The second main cannabinoid receptor, the CB2 receptor, was discovered few years 

after CB1 receptors in immune cells within human spleen (Munro et al., 1993). This 

receptor is also a 7-transmembrane domain GPCR, mainly coupled to G proteins of 

the Gi/o type; however, besides being encoded by separate genes (Cnr1 for CB1 

receptors, Cnr2 for CB2 receptors), they only share 44% of homology (Pertwee, 1997).  

Even though it was first referred to as a “peripheral” cannabinoid receptor because of 

its discovery in the immune system (Munro et al., 1993), the CB2 receptor was also 

observed in brain, bearing long-neglected effects. Indeed, CB2 receptors are found (i) 

in microglia wherein their expression is induced by inflammation (Maresz et al., 2005), 

but also (ii) in neurons and glial cells (Brusco et al., 2008; Jordan and Xi, 2019; Onaivi 

et al., 2006), although at a much lower level than CB1 receptors. These discoveries, 

allowed by new technics such as the RNAscope for high sensitivity fluorescent in situ 

hybridization, fueled the interest for their central effects. Indeed, central CB2 receptors 

were shown to be involved in cannabinoid-induced analgesia and catalepsy (Wang et 

al., 2020), two behavioral readouts of the so-called cannabinoid "tetrad". Recently, the 

group of Zheng-Xiong Xi showed that central CB2 receptors were involved in the 

aversive effect of high doses of cannabinoids (Spiller et al., 2019), and proposed that 

this effect might involve their expression in ventral tegmental area (VTA) dopaminergic 

neurons (Han et al., 2017; Zhang et al., 2017, 2014). 

 

1.2.1.3. Other relevant receptors? 

Although most effects of cannabinoid drugs are due to their actions on CB1 and/or 

CB2 receptors, several of their pharmacological effects could not be linked to either 

receptor, thus suggesting other targets, among which the transient receptor potential 

vanilloid type 1 (TRPV1) and a deorphanized GPCR, the G protein coupled receptor 

55 (GPR55; Brown, 2007). 

TRPV1 is extensively described in sensory neurons where it mediates noxious thermal 

and chemical stimuli, - including those triggered by capsaicin (found in red-hot chili 

pepper) - thus activating such neurons to convey the pain message to the brain 

(Caterina et al., 1997). However, this receptor is also targeted by endogenous lipids 

(Petrocellis and Marzo, 2005), among which AEA (Ross, 2003). Furthermore, TRPV1 



INTRODUCTION 1 - The Endocannabinoid System 

34 
 

was found to be expressed in brain, more precisely in neurons (postsynaptic location), 

astrocytes and pericytes (Menigoz and Boudes, 2011; Tóth et al., 2005), thus 

suggesting a potential involvement in central non-CB1/CB2 cannabinoid receptor 

effects. Indeed, TRPV1 activation by AEA induces a CB1 receptor-independent form 

of long-term depression (LTD) of excitatory synapses (Chávez et al., 2010) thus 

demonstrating that endocannabinoids can induce synaptic plasticity through these 

receptors. 

The deorphanized GPCR, GPR55, was primarily described in the human striatum 

(Sawzdargo et al., 1999). Even though this receptor displays a poor (around 14 %) 

amino-acid homology with CB1 and CB2 receptors  (Yang et al., 2016), several 

endocannabinoids, among which AEA and 2-AG, were described as GPR55 ligands 

(Ryberg et al., 2007). Their affinity for GPR55 however depends on the cell type 

considered (Sharir and Abood, 2010). Although much progress has been made with 

respect to this receptor, its functional significance and information on its activation by 

endocannabinoids remain to be described (Marichal-Cancino et al., 2017). 

 

1.2.2. The endogenous ligands: the endocannabinoids 

The discovery of cannabinoid receptors suggested the existence of endogenous 

ligands. The observation that the first cannabinoids which were discovered, such as 

THC, are of lipidic nature raised the hypothesis that endogenous cannabinoids, i.e. 

endocannabinoids, would be lipidic as well. Indeed, the two main endocannabinoids 

discovered in the 90’s, namely AEA, (Devane et al., 1992) and 2-AG, (Mechoulam et 

al., 1995; Sugiura et al., 1995) were of lipidic nature, being derivatives of arachidonic 

acid (Figure 2; Piomelli, 2003). More recently, several other endogenous ligands were 

discovered, e.g. 2-arachidonoylglyceryl ether (noladin ether; Hanuš et al., 2001), O-

arachidonoylethanolamine (virhodamine; Porter et al., 2002) and N-

arachidonoyldopamine (Huang and Walker, 2006). However, these molecules are far 

less investigated and for the sake of clarity, I will thus only focus on AEA and 2-AG in 

the following section.  
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Figure 2 - Endogenous cannabinoids (Adapted from Piomelli 2003) 

 

Of note, beside the previously cited endogenous ligands which act as orthosteric 

agonists, several endogenous allosteric modulators of CB1 receptors have been 

described (Morales et al., 2016; Figure 3): lipoxin-A4, an anti-inflammatory derivative 

of arachidonic acid (Pamplona et al., 2012), pregnenolone (Vallée et al., 2014) which 

decreases THC-induced extracellular-regulated kinase 1/2 (ERK1/2) pathway 

activation and blocks the psychotic-like effect of THC in vivo (Busquets-Garcia et al., 

2017), and pepcan-12 (Bauer et al., 2012), a derivative of hemopressin. The latter is 

supposedly exerting an allosteric modulation of CB1 receptor agonist-mediated 

alteration of the cyclic adenosine monophosphate (cAMP) intracellular pathway.  

 

 
Figure 3 - Endogenous allosteric modulators of CB1 receptors (adapted from Morales et al. 2016) 
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As above-mentioned, oppositely to classical neurotransmitters, endocannabinoids are 

fast acting neuromodulators that are not stored in vesicles but rather produced “on-

demand” following neuronal activation (Piomelli, 2003). It should be noted however 

that this dogma has been debated in several publications (see Belluomo et al., 2015; 

Min et al., 2010). Following, their release and their stimulation of CB1 receptors, they 

are rapidly taken up and degraded by specific enzymes which are detailed below 

(1.2.2.3.). 

 

1.2.2.1. Synthesis of endocannabinoids 

As previously mentioned, the term “endocannabinoid” generally refers to the two main 

endocannabinoids namely AEA and 2-AG which respectively belong to the N-

acylethanolamine and monoacylglycerol families and derive from poly unsaturated 

fatty acids such as arachidonic acid.  As yet mentioned, AEA and 2-AG are mainly 

produced postsynaptically after neuronal activation to act either (i) in a paracrine 

manner traveling backward across the synapse to activate CB1 receptors, or (ii) in an 

autocrine manner activating CB1 receptors locally (Bacci et al., 2004; Kano et al., 

2009). However, as indicated below, the syntheses of endocannabinoids are 

accompanied by syntheses of other lipidic molecules which have CB receptor-

independent functional effects. 

The first endocannabinoid described, AEA, is synthetized after an increase in 

postsynaptic calcium (Piomelli, 2003). The first step of this synthesis requires the 

generation of N-arachidonoyl phosphatidylethanolamine (NAPE) from membrane 

phospholipids via N-acyltransferase (NAT; Marzo et al., 1994; Figure 4). The second 

step leading to AEA can be either (i) direct through the enzyme N-

acylphosphatidylethanolamine-hydrolyzing phospholipase D (NAPE-PLD), or (ii) 

indirect through α/β-hydrolase domain type 4 (ABDH4) activity followed by 

glycerophosphodiesterase 1 (GDE1) action or through the recruitment of protein 

tyrosine phosphatase N22 (PTPN22; Iannotti et al., 2016). However, as previously 

mentioned, AEA is not the sole lipid generated from the NAPE precursor. Indeed, 

palmitoylethanolamide (PEA), oleoylethanolamide (OEA), and linoleoylethanolamide 

(LEA), among others, are also generated. All three are worth mentioning here given 

their ability to bind TRPV1 and GPR55, and hence bear functional effects in a CB1 

receptor-independent manner (Cristino et al., 2020). 



INTRODUCTION 1 - The Endocannabinoid System 

37 
 

The synthesis of 2-AG (Figure 4), either triggered by depolarization or stimulation of 

Gq-coupled receptors (e.g. mGluR1/5), requires diacylglycerol (DAG) that can be 

obtained from phosphatidic acid through phosphatase action or from membrane 

phospholipids through phospholipase Cβ (PLCβ). In turn, diacylglycerol lipase (DGL) 

catalyzes the conversion of 2-AG from DAG (Bisogno et al., 2003; Iannotti et al., 2016). 

However, as for AEA, the biosynthetic pathway leading to 2-AG generates other lipids, 

such as monoacylglycerol which can act on several non-CB receptors, thereby 

participating to the multiplicity of actions resulting from the synthesis of 

endocannabinoids (Cristino et al., 2020). 

 

 

1.2.2.2. Transport of endocannabinoids 

Classical neurotransmitters are stored in vesicles at the presynaptic terminal, released 

into the synaptic cleft upon depolarization-induced calcium entry before reaching their 

postsynaptic targets. As indicated, endocannabinoids differ from classical 

neurotransmitters in (i) their postsynaptic synthesis and (ii) their lipidic nature, thus 

raising the question: how do endocannabinoids cross the aqueous synaptic cleft to 

Figure 4 - Synthesis and degradation of the two main endocannabinoids AEA and 2-AG (adapted 

from Iannotti et al., 2016) 
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reach their target receptors? To date, the underlying mechanism remains poorly 

documented.  

Few studies have addressed this question. These described a putative binding of AEA 

to carrier proteins for intracellular (and thus, possibly cross-synaptic) trafficking, such 

as the heat shock protein 70 (HSP70; Oddi et al., 2009), albumin (Oddi et al., 2009), 

and the fatty acid binding proteins (FABPs) 5 and 7 (Kaczocha et al., 2009). Regarding 

synaptic transport, recent investigations reported a possible involvement of 

microvesicles, as opposed to carrier proteins, for both AEA (Gabrielli et al., 2015) and 

2-AG (Nakamura et al., 2019).  

 

1.2.2.3. Degradation of endocannabinoids 

The degradation of endocannabinoids is essential to limit their actions both spatially 

and temporarily. Adding to the already mentioned complexity of the endocannabinoid 

system, the degradation of the main endocannabinoids relies on several enzymes 

which also degrade the non-endocannabinoid molecules mentioned above. However, 

two main degradation pathways can be described, the most important being through 

hydrolysis and the second being through oxidation (Figure 4). 

The two main hydrolases responsible for the degradation of the endocannabinoids are 

respectively the fatty acid amide hydrolase (FAAH) for AEA (Cravatt et al., 1996) and 

the monoacylglycerol lipase (MGL) for 2-AG (Dinh et al., 2002). Whereas FAAH can 

nearly account for the full degradation of AEA, as demonstrated by the lack of AEA-

degrading activity in FAAH-knock out animals (Cravatt et al., 2001), 2-AG degradation 

is far more complex, involving several enzymes. Even though most of 2-AG 

degradation at near physiological pH is accounted for by MGL activity (85%), α/β-

hydrolase domain type 12 (ABDH12) and 6 (ABDH6) also degrade this 

endocannabinoid (respectively 9 % and 4% of the whole degradation process) as well 

as, in a smaller proportion, FAAH (less than 1% of that process; Blankman et al., 2007; 

Iannotti et al., 2016). Moreover, AEA and 2-AG are not the sole substrates for those 

hydrolases. Indeed, FAAH degrades other molecules from the N-acylethanolamine 

group and MGL hydrolyzes other monoacylglycerols (Cristino et al., 2020), an 

observation which is worth mentioning when evaluating the effects of drugs altering 
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endocannabinoid degradation (as to enhance endocannabinoid levels and thus 

potentiate their actions). 

As indicated above, the second type of degradation corresponds to endocannabinoid 

oxidation. Both AEA and 2-AG can be processed through multiple steps by either 

cyclooxygenase-2 (COX2; Rouzer and Marnett, 2008) or lipoxygenase (LOX), leading 

to several prostaglandins that will, in turn, bear functional effects on their own (Cristino 

et al., 2020; Iannotti et al., 2016). 

 

1.3. CB1 receptor signaling & neuronal plasticity 

The relative abundance and the ubiquity of the endocannabinoid system throughout 

the CNS, associated with its location in both inhibitory and excitatory neurons as well 

as other cell types (e.g. astrocytes), confer to this system an ideal position to finely 

tune neuronal circuits and regulate synaptic plasticity. Several forms of neuronal 

plasticity have been attributed to the endocannabinoids, these being observed either 

(i) in the short-term, such as the depolarization-induced suppression of inhibition or 

excitation (DSI or DSE) and the metabotropic-induced short-term plasticity, or (ii) in the 

long-term, mainly LTD.  

 

1.3.1. CB1 receptor intracellular signaling pathways 

Activation of CB1 receptors induces several intracellular signaling cascades 

encompassing the modulation of second messengers, ion channels and mitogen-

activated protein kinases (MAPK), the latter exerting longer lasting effects through 

actions at the level of transcription factors (Turu and Hunyady, 2010). 

CB1 receptor-dependent inhibition of AC was the first intracellular pathway described 

for cannabinoids (Howlett and Fleming, 1984; Howlett et al., 1986), and was found to 

be pertussis toxin-sensitive, indicating the involvement of Gi/o proteins. Such an 

inhibition downregulates the second messenger cAMP, which regulates gene 

expression through the ERK/ cAMP response element–binding protein (ERK/CREB) 

pathway by activation of protein kinase A (PKA; Davis et al., 2003). Moreover, the 

stimulation of CB1 receptors modulates several ion channels. It has been shown that 

CB1 receptor stimulation activates both G protein-coupled inwardly rectifying 
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potassium channels (GIRK) through the aforementioned involvement of Gi/o proteins 

(Mackie et al., 1995) and A-type potassium channels through modulation of PKA 

activity (Hampson et al., 1995). Oppositely, CB1 receptor stimulation inhibits voltage-

gated calcium channels (VGCCs) such as (i) N-type calcium channels (Brown et al., 

2004; Pan et al., 1996), an action which has been suggested to account for the 

presynaptic inhibition that follows retrograde signaling by endocannabinoids and CB1 

receptor stimulation (Freund et al., 2003), (ii) L-type calcium channels (Endoh, 2006), 

and (iii) P/Q-type calcium channels (Fisyunov et al., 2006; Mackie et al., 1995). In 

addition to the rapid impact of the inhibition of AC and its modulation of ion channels, 

CB1 receptor stimulation can induce longer-lasting effects through regulation of 

nuclear transcription factors by favoring the phosphorylation of ERK1/2, p42/p44 

MAPK, p38 MAPK and Jun N-terminal kinase (Howlett, 2005; Turu and Hunyady, 

2010). 

 

1.3.2. CB1 receptor modulation of neurotransmitter release 

The intracellular pathways modulated by CB1 receptors participate to the 

hyperpolarization of the presynaptic neuron, leading to the inhibition of 

neurotransmitter release (Schlicker and Kathmann, 2001). Indeed, CB1 receptor 

agonists decrease excitatory postsynaptic currents (EPSCs) both in vitro in rat 

hippocampal cultures (Shen et al., 1996) and ex vivo in mouse hippocampal slices 

(Misner and Sullivan, 1999) hence promoting an increased coefficient of variation and 

an increased paired-pulse facilitation (i.e. a decreased probability of neurotransmitter 

release), later found in cerebellum and striatum (Schlicker and Kathmann, 2001). 

These agonists also decrease inhibitory postsynaptic currents (IPSCs) ex vivo in the 

striatum (Szabo et al., 1998) and SN (Chan et al., 1998) without affecting the 

modulation of postsynaptic currents induced by GABA application, hence suggesting 

a presynaptic mechanism. Moreover, these effects were blocked by CB1 receptor 

antagonists (Misner and Sullivan, 1999; Szabo et al., 1998). In addition, CB1 receptor 

agonists decrease extracellular glutamate and GABA recovered from striatal 

synaptosomes (Köfalvi et al., 2005) or measured by in vivo microdialysis in striatum 

(Polissidis et al., 2014) and prefrontal cortex (PFC; Pistis et al., 2002), these effects 

being also blocked by CB1 receptor antagonists. Thus, pharmacological and 

electrophysiological data indicate that cannabinoids induce a presynaptic CB1 



INTRODUCTION 1 - The Endocannabinoid System 

41 
 

receptor-dependent decrease in glutamate and GABA release. The release of several 

other neurotransmitters is similarly negatively regulated by CB1 receptors, 

encompassing Ach (Gifford and Ashby, 1996), noradrenaline (Ishac et al., 1996), 

dopamine (Cadogan et al., 1997), serotonin (Nakazi et al., 2000) and CCK (Beinfeld 

and Connolly, 2001).  

However, the mechanisms leading to the suppression of neurotransmitter release once 

CB1 receptors are activated depend on the cell type considered and/or the brain region 

investigated. For instance, VGCC inhibition was shown to underlie the inhibition of 

GABA release in hippocampus (Hoffman and Lupica, 2000), and of glutamate release 

at corticostriatal synapses (Huang et al., 2001), whereas potassium channel activation 

was found to mediate the inhibition of glutamate release in the nucleus accumbens 

(NAc; Robbe et al., 2001).  

The intrinsic activity of presynaptic neurons also influences the impact of CB1 receptor 

stimulation on neurotransmitter release. Indeed, WIN55,212-2-elicited stimulation of 

CB1 receptors in CCK-positive GABAergic interneurons suppressed IPSCs on the 

postsynaptic pyramidal cell in CA1 region of the hippocampus when the presynaptic 

cell was firing at low frequency (Földy et al., 2006). However, when this firing activity 

was increased, the inhibition of GABA release induced by WIN55,212-2 was weaker 

and shorter-lasting, indicating that presynaptic activity yet modulates CB1 receptor-

mediated effects of (endo)cannabinoids on neurotransmitter release. With respect to 

that issue, it has been proposed (Földy et al., 2006) that such a mechanism could 

underlie the differences in the self-reported effects of cannabis due to different users’ 

expectation or context (Földy et al., 2006; Iversen, 1999). 

 

1.3.3. Short-term plasticity 

In the 90’s, the hypothesis of a short-term plasticity mediated by a retrograde 

messenger was formulated based on the observation of a short suppression of GABA 

release (< 1 minute), as assessed by decreased IPSCs, after a brief postsynaptic 

stimulation in cerebellum (Llano et al., 1991) and in the hippocampus (Pitler and Alger, 

1992). This phenomenon was termed depolarization-induced suppression of inhibition 

or DSI (Alger and Pitler, 1995). Later, endocannabinoids were shown to be the 

retrograde messengers mediating DSI in hippocampus (Wilson and Nicoll, 2001) and 
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in primary cultures (Ohno-Shosaku et al., 2001). The same year, independent groups 

unraveled a similar form of short-term plasticity by endocannabinoids, that plasticity 

taking however place at excitatory glutamatergic synapses in cerebellum (Kreitzer and 

Regehr, 2001; Maejima et al., 2001). In line with the reference to DSI, this phenomenon 

was termed depolarization-induced suppression of excitation or DSE. Later, 

endocannabinoid-mediated DSI and DSE plasticities were observed in several other 

brain regions e.g. hypothalamus, neocortex, VTA, amygdala, and basal ganglia among 

others (reviewed in Kano et al., 2009). 

DSI and DSE can be initiated through two main mechanisms involving either (i) 

postsynaptic intracellular calcium increases or (ii) activation of postsynaptic Gq/11 

coupled receptors (see below). The first mechanism was evidenced by the abolition of 

DSI after application of calcium chelators in the postsynapse (Llano et al., 1991; Ohno-

Shosaku et al., 2001; Pitler and Alger, 1992). Moreover, exogenous application of 

calcium to the postsynaptic element was sufficient to induce this short-term plasticity 

(Wilson and Nicoll, 2001). The second mechanism involves the activation of 

postsynaptic metabotropic Gq/11-coupled receptors. Indeed, activation of type 1/5 

metabotropic glutamate receptors (mGluR1/5) in cerebellum (Maejima et al., 2001), 

hippocampus (Varma et al., 2001), striatum (Brown et al., 2003) and VTA (Melis et al., 

2004a) or the activation of type 1/3 acetylcholine metabotropic receptors (M1/M3) in 

the hippocampus (Ohno‐Shosaku et al., 2003), were sufficient to produce 

endocannabinoid-mediated short term plasticities. The stimulation of Gq/11-coupled 

receptors, which activates PLCβ, thus favoring the production of inositol-triphosphate 

(IP3) and then calcium release from intracellular compartments, increases DAG, the 

precursor of 2-AG. Moreover, DSI was abolished in mice bearing a genetic deletion of 

DGLα, the synthesis enzyme of 2-AG, in hippocampus (Gao et al., 2010) and 

cerebellum (Tanimura et al., 2010), hence indicating that this form of endocannabinoid-

mediated synaptic plasticity is mainly mediated by 2-AG. 

 

1.3.4. Long-term plasticity  

The second type of synaptic plasticity induced by endocannabinoids relates to a longer 

suppression of neurotransmission following sustained neuronal activation. First 

described at excitatory synapses of the dorsal striatum (Gerdeman et al., 2002) and 
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the NAc (Robbe et al., 2002), this endocannabinoid-mediated form of plasticity involves 

a suppression of neurotransmission for a prolonged duration, lasting at least 30 

minutes (versus < 1 min for DSI/DSE) and was thus called endocannabinoid-mediated 

long-term depression (abbreviated ecb-LTD). Later, this form of plasticity was 

observed in amygdala (Azad et al., 2004; Chevaleyre et al., 2007; Marsicano et al., 

2002), hippocampus (Chevaleyre and Castillo, 2003; Chevaleyre et al., 2007), visual 

cortex (Sjöström et al., 2004), PFC (Lafourcade et al., 2007) and VTA (Pan et al., 2008) 

[see Heifets and Castillo, 2009 for review]. The general mechanism involved in ecb-

LTD requires an increase in postsynaptic calcium followed by a massive 

endocannabinoid mobilization and a sustained retrograde activation of CB1 receptors 

at the presynapse.  

The investigations on ecb-LTD in different brain regions/synapses suggest that several 

mechanisms might underlie the endocannabinoid mobilization required to induce ecb-

LTD. Indeed, investigators consistently found that the activation of mGluR1/5 is 

necessary to induce ecb-LTD in several brain regions (Azad et al., 2004; Chevaleyre 

and Castillo, 2003; Lafourcade et al., 2007; Pan et al., 2008; Robbe et al., 2002). 

However, whereas the rise in postsynaptic intracellular calcium is necessary in some 

brain regions, such as the NAc (Robbe et al., 2002), the neocortex (Sjöström et al., 

2003), the somatosensory cortex (Bender et al., 2006) and the PFC (Lafourcade et al., 

2007), it seems dispensable in some others e.g. hippocampus and VTA (Chevaleyre 

and Castillo, 2003; Pan et al., 2008). Moreover, the inhibition of PLCβ abolished ecb-

LTD in hippocampus, PFC and VTA (Chevaleyre and Castillo, 2003; Lafourcade et al., 

2007; Pan et al., 2008) thus suggesting another possible pathway leading to 

endocannabinoid mobilization.  

The induction of ecb-LTD also requires a prolonged activation of CB1 receptors. 

Indeed, if the CB1 receptor antagonist rimonabant is applied 1 or 3 minutes after the 

induction protocol, the ecb-LTD is found to be respectively abolished or strongly 

reduced, indicating that the induction requires a prolonged (over 1 min) stimulation of 

CB1 receptors (Chevaleyre and Castillo, 2003; Ronesi et al., 2004). As opposed to the 

induction, CB1 receptors are dispensable for ecb-LTD expression, as demonstrated 

by the inability of CB1 receptor antagonists to reverse LTD once established 

(Chevaleyre and Castillo, 2003; Ronesi et al., 2004; Sjöström et al., 2003). However, 

CB1 receptor stimulation is not sufficient, as attested by the inability of the sole 
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application of an exogenous agonist to induce an ecb-LTD (Ronesi et al., 2004; Singla 

et al., 2007; Sjöström et al., 2003). Thus, one crucial feature of the ecb-LTD induction 

is the need for presynaptic neuronal activity in addition to CB1 receptor activation, as 

demonstrated in the hippocampus by the absence of LTD if the presynaptic neuron is 

maintained silent (Heifets et al., 2008). This observation indicates that this process is 

an afferent-specific mechanism. Moreover, presynaptic calcium increases (Heifets et 

al., 2008; Singla et al., 2007) and activation of the calcium-sensitive phosphatase 

calcineurin (Heifets et al., 2008) are also required for ecb-LTD. As indicated above, 

after stimulation of CB1 receptors, activation of the Gαi/o subunit, and hence inhibition 

of the AC/PKA pathway, takes place. This mechanism was demonstrated by the 

blockade of LTD by a PKA inhibitor or cAMP potentiation (Chevaleyre et al., 2007). 

Furthermore, the use of RIM1α-knock out animals demonstrated the necessity for this 

active zone protein, which is associated to the release machinery (Chevaleyre et al., 

2007). 

 

 

2. Motivation, reinforcement & reward 

The term “motivation” engulfs a wide array of concepts, initially stemmed from 

philosophy and early psychology to become nowadays the matter of an intense 

neuroscientific interest with the aim to describe reward-related behaviors. As the 

deciphering went by, several theories trying to reconcile neurobiology and psychology 

emerged, and with it, many different terms and concepts. As an illustration, the term 

“rewarding”, although extensively used in this field, has progressively lost accuracy, 

being used to designate the incentive/appetitive as well as the hedonic properties of a 

reinforcer although their respective neurobiological substrates are partly separated 

(see below).  

In this section, I will first provide a brief historic of definitions and concepts regarding 

motivation with the aim to provide clarity as concerns its terminology. Then, the 

neurobiology underlying motivational processes will be discussed, with special 

emphasis on the involvement of the neurotransmitter dopamine (DA) and the 

mesocorticolimbic pathway. 
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2.1. Historical of the concepts and definitions 

Although being used daily in a wide variety of contexts, the meaning of the term 

motivation can be hard to seize and is most often intricately linked to the idea of reward. 

The general definition of motivation is as simple as “the reasons for acting or behaving 

in a particular way”. Historically, as it is the case with many concepts in neuroscience 

and psychology, the concept of motivation comes from philosophy. It was the matter 

of intense thinking and debate as early as Plato or Socrates, and the concept could be 

summarized by the following question: why an individual acts, behave, and thinks the 

way he does? Later, the philosopher Schopenhauer formulated the motivation as the 

way organisms will be able to “choose, seize, and even seek out the means of 

satisfaction” (Schopenhauer, 1999).  

In psychology, the roots of the modern concept of motivation can be traced back to the 

19th century, when Thorndike formulated the “Law of Effect”. He observed that when 

animals were locked in a cage equipped with a device allowing its opening, placing a 

piece of food outside of the cage promoted intense investigations of different strategies 

to open the cage and reach the food (Thorndike, 1898). On subsequent trials, the 

latency to escape then quickly dropped to become close to null by performing the most 

efficient strategy right away. By designating the food as a “satisfier”, Thorndike 

enounced his “Law of Effect” wherein an action leading to satisfaction has an 

increased probability of happening again, whilst conversely, an action leading to an 

unpleasant outcome will be abandoned. However, in this task, the focus was made on 

a given strategy and its outcome rather than on motivation for this particular outcome.  

The psychology field of the 19th century was highly influenced by behaviorism, and 

conditioning was of privileged interest to explain human and animal behavior. Indeed, 

the seminal work of Ivan Pavlov led to the description of pavlovian conditioning, also 

called classical conditioning, designating the observation that an individual will react to 

a previously neutral stimulus (called the conditioned stimulus or CS) if repeatedly 

paired with an appetitive stimulus (called the unconditioned stimulus or US; Denny-

Brown, 1928). Individuals are described as respondents in the sense that this 

conditioning leads to an involuntary response, called “reflex” by Pavlov at that time.  

Several decades later, the seminal work of Skinner expanded Thorndike’s “Law of 

Effect”, leading to what is nowadays called operant conditioning (Skinner, 1938). He 
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designed an apparatus, known as an operant chamber, which could house an animal 

and display a discriminative stimulus (e.g. a lever) that the animal could interact with, 

this interaction being called an instrumental or an operant response. When the animal 

exerted this operant response, a piece of food was dispensed, this in turn increasing 

the probability that the animal repeated this action, the food thus being called a 

reinforcer. This increase was then called positive reinforcement. The crucial point of 

this approach relies on the fact that Skinner focused on the relation between the 

response elicited and the reinforcer, but also on the effect of the latter on the former. 

Even though Skinner was more interested in the fact that the reinforcer was indeed 

reinforcing than on the question why it was, operant conditioning and the principle of 

reinforcement grounded future works of psychologists, psychiatrists, and 

neuroscientists on motivation.  

Several theories then emerged to explain the motivation concept; however, as 

elegantly reviewed by Berridge (Berridge, 2004), the modern idea of the concept of 

incentive motivation finds its origin in the work of three investigators: Bolles, Bindra 

and Toates. After years of predominance of the “need or drive reduction” theory 

(depletion states drive animal behavior to replenish defective needs), Bolles proposed 

that classical conditioning leads to incentive expectancies (Bolles, 1972). Indeed, after 

repeated US-CS pairings, part of the hedonic properties of the US are transferred to 

the CS, thereby providing the CS with incentive expectancies. However, this scheme 

did not fully explain why these expectancies are linked to motivation. Accordingly, 

Bindra completed this framework, suggesting that the CS would not only cause 

expectancies, but rather evoke a similar incentive motivational state to that of the US 

after conditioning (Bindra, 1978). Finally, this framework was completed by Toates. He 

considered the physiological state of the animal as an important regulator of the 

incentive properties of a stimulus (Toates, 1986). Indeed, he suggested that a 

physiological depletion would impact the hedonic properties of a stimulus, and thereby, 

modulate the incentive properties of that stimulus. 

From this framework, it is thus suggested that classical conditioning transfers 

incentive/hedonic properties from the US to the CS. However, these properties should 

not be considered as pertaining to a single unique behavioral dimension. Berridge and 

Robinson proposed to discriminate between the incentive and the hedonic dimensions 

of reward-related behaviors since their underlying brain mechanisms are separated 
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(as discussed in the next section). Indeed, this conceptual view proposes a 

segregation between the motivational incentive properties of a reinforcer, called 

incentive salience or “wanting”, and the essential hedonic reaction evoked by the 

reinforcer, called “liking” (Berridge and Robinson, 1998). This distinction relies on the 

former description of well-conserved hedonic reactions to pleasant tastes in human 

infants and several animal species (Steiner, 1973). These orofacial taste reactions, 

which represent an objective way to assess pleasure in humans and animals, paved 

the way to the description of the neurobiology of “liking”, which then provided a clear 

separation between the “wanting” and “liking” components of motivated behaviors. 

A further subdivision was proposed by Salamone and colleagues based on the 

plethora of works which focused on the impacts of manipulations of dopaminergic 

activity on reinforcement and motivation (Salamone and Correa, 2002). They 

demonstrated that the “wanting” dimension of motivated behavior was not a unitary 

entity but rather could be subdivided into (i) a directional aspect of the behavior, 

referring to the “appetite” to reach a specific stimulus, and (ii) an activational aspect, 

that could be defined as the allocation of energy to that task.  

The current motivation concept refers to a set of behavioral and sensory components 

centered on a target stimulus (i.e. the reinforcer). It comprises incentive aspects, i.e. 

the “wanting” for this stimulus with both directional (the will to reach this specific 

stimulus) and activational (how much energy should be allocated) components, and 

reward-linked hedonic properties, i.e. the “liking” of the stimulus, referring to the 

reaction of pleasure linked to its consumption. As outlined in this section, several fields 

of investigation studied the concept of motivation, hence leading to the use of different 

terms defining the same behavioral dimension. In conclusion, the term “reward” 

designates a stimulus with incentive properties (“Wanting” component), triggering 

hedonic reactions (“Liking” component), and which is able to reinforce a given behavior 

associated to its receipt (Learning component). The tight relation between reward and 

motivation can lead to ambiguity in neurobiological studies, and several authors in the 

field now plead for a careful use of the term “reward”.   
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2.2. Neurobiology of motivated behaviors 

2.2.1. Anatomical considerations 

As outlined in the previous section, motivation involves a complex set of behaviors and 

thus, a wide array of neurobiological processes. Herein, I will focus the discussion on 

one crucial neurobiological substrate of motivated behaviors, namely the 

mesocorticolimbic dopaminergic system.  

Classically, the mesocorticolimbic dopaminergic system refers to A10 cells originating 

in midbrain VTA (Hillarp et al., 1966) and projecting to (i) the ventral striatum, especially 

the NAc, and to (ii) cortical structures, especially the PFC. Besides these major 

projections, VTA dopaminergic cells also send important projections to the amygdala, 

the ventral pallidum (VP) and hypothalamic nuclei, but also to other cortical areas such 

as the anterior cingulate cortex (German and Manaye, 1993; Haber and Fudge, 1997; 

Ikemoto, 2007; Lammel et al., 2008, 2014; Morales and Margolis, 2017). This system 

has been long referred to as the “reward circuit” based on several observations. 

Indeed, early studies using electrical self-stimulation demonstrated that the 

dopaminergic pathway was one of the best targets for such a self-stimulation of operant 

responding (Alcaro and Panksepp, 2011; Ikemoto, 2010; Phillips et al., 1975). In 

addition, most drugs of abuse, e.g. cocaine, amphetamine, cannabinoids, opiates, 

alcohol (Koob and Nestler, 1997; Koob and Volkow, 2010; Lüscher, 2015; Wise and 

Rompre, 1989), and nondrug rewards, e.g. food, social interaction, sex (Alcaro et al., 

2007; Bariselli et al., 2018; Gunaydin et al., 2014; Melis and Argiolas, 1995; Prevost-

Solie et al., 2020; Spanagel et al., 1999) evoke DA release. Furthermore, altering 

dopaminergic transmission through pharmacological or genetic approaches impairs 

the seeking of such reward (Chiara, 1999). I will discuss later in this chapter the more 

complex relationship between DA and reward-related processes (see below). 

Dopaminergic neurons represent the majority of VTA cells (around 60-65%), followed 

by GABAergic neurons (25-30%) and glutamatergic neurons (5-10%; Nair-Roberts et 

al., 2008). Dopaminergic and GABAergic neurons are distributed throughout the VTA 

whereas most glutamatergic neurons are found closer to the midline (Morales and 

Margolis, 2017; Yamaguchi et al., 2011). Similar to dopaminergic neurons, VTA 

GABAergic neurons can establish local connections (Johnson and North, 1992) and 

also project to several brain areas, among which reward-relevant regions such as the 
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NAc (Bockstaele and Pickel, 1995) and PFC (Carr and Sesack, 2000). More recently, 

similar observations were reported for VTA glutamatergic neurons that can impinge 

locally onto dopaminergic- and GABAergic neurons within VTA (Dobi et al., 2010; 

Yamaguchi et al., 2011) but can also project extrinsically (Yamaguchi et al., 2011). The 

canonical identification of dopaminergic neurons relies on tyrosine hydroxylase (TH) 

expression, the rate-limiting enzyme of DA synthesis (Morales and Margolis, 2017). 

GABAergic neurons are mostly identified by glutamate decarboxylase 1 or 2 

(GAD1/GAD2 also known as GAD67/GAD65 respectively), that synthesize GABA, and 

by vesicular GABA transporter (VGAT) packing the neurotransmitter into vesicles 

(Margolis et al., 2012; Morales and Margolis, 2017), whereas glutamatergic neurons 

are mostly identified by the vesicular glutamate transporter 2 (VGLUT-2; Morales and 

Margolis, 2017; Yamaguchi et al., 2007). However, the discrimination of VTA neuronal 

populations is far more complex, and the characterization of their molecular identities 

and hence behavioral functions only begins to be revealed (Morales and Margolis, 

2017). Indeed, most TH-expressing neurons also express the proteins necessary for 

dopaminergic transmission such as the vesicular monoamine transporter 2 (VMAT2), 

DA transporter (DAT) and the D2R. However, some TH-positive neurons, especially in 

the VTA midline, lack expression for these proteins in rat (Li et al., 2013) and mouse 

(Lammel et al., 2008; Stamatakis et al., 2013), thus questioning their ability to use DA 

as a neurotransmitter. Pharmacological and electrophysiological heterogeneities are 

also observed among VTA GABAergic neurons with a fraction displaying similar 

electrophysiological features as compared to TH-positive neurons, i.e. 

hyperpolarization-activated cation current Ih, long duration action potential and slow 

spontaneous firing rates (Margolis et al., 2012; Ungless and Grace, 2012). 

Furthermore, only a fraction responds to the opioid receptor agonist DAMGO whereas 

none of them are sensitive to GABAB challenge (Margolis et al., 2012). In addition to 

this heterogeneity, several types of combinatorial neurons were described within the 

VTA, co-expressing DA and GABA (Stamatakis et al., 2013), DA and glutamate 

(Yamaguchi et al., 2015) or GABA and glutamate (Root et al., 2014). Although 

representing a tiny percentage of VTA neurons, these combinatorial neurons also bear 

heterogeneity. For example, some DA/GABA or DA/glutamate neurons do not express 

VMAT2 and DAT, which are necessary for dopaminergic neurotransmission (Morales 

and Margolis, 2017). The consideration of molecular and anatomical heterogeneity of 

VTA neuronal populations is not trivial since a plethora of studies investigating the 
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involvement of VTA neurons in reward-related processes are based on loxP-cre 

recombinase genetic approaches. As an example, the effects observed after 

modulation of TH-positive neurons in TH-cre animals can be interpreted as being 

accounted for by alterations in dopaminergic transmission whereas some TH-positive 

neurons might not express the required machinery to store and release DA (see 

above).  Another illustration was provided by a recent study from Morales' group in 

which they demonstrate that VTA glutamate-expressing only neurons (VTA-Glu), 

GABA-expressing only neurons (VTA-GABA) and dual glutamate-GABA-expressing 

neurons (VTA-Glu/GABA) have a unique signaling pattern: VTA-Glu neurons are 

activated by reward-predicting cues whilst VTA-GABA neurons signal the cues that are 

predictive of reward omission and, surprisingly, VTA-Glu/GABA neurons are not 

activated by learned cues, but react to positive or negative outcomes even though they 

express the same markers than the other two populations (Root et al., 2020).  

 

2.2.2. Is dopamine crucial? 

The mesocorticolimbic dopaminergic system is of crucial importance for reward-related 

and motivated behaviors. However, as previously mentioned, such behaviors involve 

separated processes. In this section, I will discuss the involvement of dopaminergic 

systems in several dimensions of motivated behaviors. 

 

Dopamine & Reward Prediction Errors (RPE) 

The majority of VTA and SN dopaminergic neurons present a characteristic pattern of 

activity comprising (i) a slow “tonic” firing rate (2-10 Hz) which can contain (ii) bursts 

described as a series of 2-10 spikes decreasing in amplitude, referred to as “phasic” 

activity (Grace, 1991; Ungless and Grace, 2012). Interestingly, in vivo recordings of 

these neurons revealed that phasic activation was observed after encountering 

unexpected rewarding stimuli (e.g. food, liquids directly to the mouth) and at 

presentation of reward-predictive cues after pavlovian conditioning without 

discrimination regarding the type of stimulus (Schultz et al., 1993). Moreover, 

dopaminergic neurons discriminate between reward and non-reward objects (Schultz 

and Romo, 1990), suggesting that phasic activation is sensitive to the stimulus 

salience. However, pioneering works on learning theory and on midbrain dopaminergic 



INTRODUCTION 2 - Motivation, reinforcement & reward 

51 
 

physiology grounded the discovery that phasic activation of dopaminergic neurons 

encodes reward-prediction errors (RPEs; Berke, 2018; Schultz, 2016; Schultz et al., 

1997). 

In an initial experiment where monkeys learned that pressing a lever associated with 

a visual cue led to fruit juice presentation, DA neurons displayed a phasic increase in 

their activity when the reward was encountered (Schultz et al., 1993, 1997). However, 

after training (several cue-reward pairings), this phasic activity was not observed 

anymore at reward delivery but was rather shifted to the cue which predicted reward 

delivery (Figure 5). As conceptually proposed (see above section), this observation fits 

with the idea that conditioning transfers motivational properties from the US to the CS 

as pairings go on. Interestingly, this phasic activity bears also quantitative meanings. 

Schultz et al. observed that not only did dopaminergic firing signals expectation of 

reward delivery, but also that firing updated this expectation either positively, through 

an increased firing when the reward was larger than expected, or negatively, when the 

reward was not present anymore at the expected delivery time (Figure 5). These 

experiments thus indicated that dopaminergic neurons encode the so-called RPE 

(Schultz, 1998, 2016; Schultz et al., 1997).  

 

Figure 5 - Dopaminergic neurons encode reward prediction error (RPE) – (Top) Positive RPE: 

unexpected reward encounter induces phasic activation of dopaminergic neurons at reward delivery. 

(Middle) No RPE: reward predicted from a conditioned stimulus (CS) does not elicit phasic activation at 
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reward delivery, but rather at the time of the CS. (Bottom) Negative RPE: reward omission engenders a 

pause in dopaminergic firing activity at the predicted reward delivery time, reflecting a difference 

between the prediction and the outcome (adapted from Schultz et al., 1997). R: reward. 

 

Such a mechanism has been characterized in monkeys (Bayer and Glimcher, 2005; 

Schultz et al., 1997), in rodents (Cohen et al., 2012) as well as in humans (D’Ardenne 

et al., 2008). Optogenetic tagging experiments confirmed that TH-positive VTA-DA 

neurons provided a major neural substrate for such RPEs during conditioning (Cohen 

et al., 2012). However, these might not be the unique substrates for RPEs as 

GABAergic neurons also encode reward expectancy (see below). 

In conclusion, dopaminergic neuronal activity encodes and updates information about 

rewarding stimuli in the environment, doing so through RPEs. By signaling the 

discrepancy between expected/predicted events and actual outcomes, dopaminergic 

neurons are of crucial importance for reinforcement learning. 

 

Dopamine & activational aspects of motivated behaviors 

Experiments suggest the involvement of the neurotransmitter DA in the “wanting” part 

of motivated behavior, represented by actions performed by the animal to access the 

targeted reinforcer. However, a set of experiments (Salamone, 1986; Salamone et al., 

1991, 1994a, 1994b) demonstrates that this phase of motivated behavior can be 

subdivided into separated but interacting entities such as the directional and 

activational dimensions of “wanting”, as indicated above. Several experimental 

evidences demonstrate that DA, especially in the NAc, is of crucial importance for the 

activational dimension of the "wanting" process.  

Studies giving the animal a choice between a large/preferred reinforcer (i.e. palatable 

food or a high amount of food) and a small/least preferred reinforcer (i.e. normal chow 

or a small amount of food) helped to decipher the involvement of dopaminergic 

neurotransmission in the activational dimension of motivated behavior. Salamone and 

colleagues used such a procedure by means of a concurrent choice between palatable 

food obtained through lever pressing under a fixed ratio (FR) 5 schedule of 

reinforcement (wherein 5 lever-presses are required to access one reinforcer) and 

freely available standard lab chow. Rats submitted to this procedure and treated 
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systemically with DA receptor antagonists, such as SCH-23390 (D1R antagonist) and 

haloperidol (D2R antagonist), decreased lever pressing for palatable food whilst 

increasing their free chow consumption (Correa et al., 2002; Salamone et al., 1991, 

2002), doing so without changing the natural preference of the animal for the former. 

Such a phenotype could not be explained by an alteration of the primary motivation for 

the reinforcer as devaluation, by means of pre-feeding (Randall et al., 2012; Salamone 

et al., 1991) or appetite-suppressant drugs such as fenfluramine (Salamone et al., 

2002) or the CB1 receptor antagonist rimonabant (Randall et al., 2012; Sink et al., 

2008), decreased both lever-pressing for palatable food and free chow consumption. 

Interestingly, the phenotype observed after systemic treatment with DA receptor 

antagonists was also observed after microinjection of haloperidol into the NAc 

(Salamone et al., 1991). Moreover, DA release in this nucleus, as assessed by 

microdialysis, increased when animal lever pressed at high rate but not when they 

consumed free laboratory chow (Salamone et al., 1994b).  

T-maze experiments strengthened this hypothesis that DA is involved in the will to 

allocate efforts for a preferred reward. The T-maze is made of three arms, (i) one arm 

containing the large/preferred reinforcer (i.e. high amount of food or palatable food) 

and being obstructed by a physical barrier that the animal has to climb, (ii) a second 

arm which contains a small/least preferred reinforcer (i.e small amount of food or 

normal chow) freely accessible, and (iii) the last being the starting arm. Systemic 

pretreatment with D1R or D2R antagonists or NAc DA depletion (using local 

microinjection of 6-hydroxydopamine; 6-OH-DA) biased the animal choice as it 

chooses the least effortful option whilst leaving intact the initial preference for the highly 

reinforced arm (Bardgett et al., 2009; Salamone et al., 1994a). 

In conclusion, DA transmission in the NAc regulates the effort allocation for a given 

reinforcer without altering the primary motivation for it. It thus regulates the activational 

dimension of motivated behavior but not its hedonic value (see below). 

 

Dopamine & hedonic reactions or “liking” 

Even though DA is often referred to as the neurotransmitter of pleasure, the hedonic 

dimension of motivated behavior is one of the least DA-dependent processes. We refer 

here to hedonic properties of a reward as the conscious pleasure evoked through its 



INTRODUCTION 2 - Motivation, reinforcement & reward 

54 
 

“consumption” (“liking”). The dopaminergic system was initially viewed as a neuronal 

substrate for pleasure, as illustrated by the “dopamine anhedonia hypothesis” (Wise, 

1982). However, dopaminergic systems turn out to be neither necessary nor sufficient 

for the hedonic impact of rewards (Berridge and Robinson, 2003). A first intuitive hint 

for this indication comes from RPE signals encoded by dopaminergic neurons: indeed, 

these neurons stop firing at reward delivery when it is fully expected although their 

consumption remains pleasurable. Moreover, human patients treated with DA receptor 

antagonists do not evoke any alteration in their self-reported “liking” feelings for either 

methamphetamine (Wachtel et al., 2002b) or cigarettes (Brauer et al., 2001). 

Pleasure and hedonic reactions are considered as subjective experiences, difficult to 

scientifically assess through other means than self-reports. However, the description 

of well-conserved hedonic reactions which are easily observable and objective in 

human infants and several animal species rendered pleasure investigations accessible 

to scientists (Steiner, 1973). Indeed, near complete lesions of dopaminergic neurons 

through 6-OHDA, which rendered the animals amotivational and drastically aphagic, 

surprisingly failed to affect “liking” reactions to food (Berridge and Robinson, 1998). 

Moreover, systemic or intra-accumbal administration of DA receptor blockers did not 

alter “liking” for rewards (e.g. sucrose or ethanol: Kaczmarek and Kiefer, 2000; Peciña 

et al., 1997). In addition, activation or potentiation of DA transmission through either 

intra-accumbal injection of amphetamine (Wyvell and Berridge, 2000) or the genetic 

deletion of DAT (thus rendering animals “hyperdopaminergic”, Peciña et al., 2003) 

increased motivation to work for the rewards (“wanting”) but failed to alter “liking” for 

these rewards.  

Finally, “liking” reactions were found to be altered when specific locations, called 

hedonic hotspots, were manipulated. These hotspots were observed in the NAc shell 

(Peciña and Berridge, 2005) and the VP (Smith and Berridge, 2005), these alterations 

in “liking” being both brain region- and neurotransmitter-dependent. Indeed, 

microinjection of either the µ-opioid receptor (MOR) agonist DAMGO (Peciña and 

Berridge, 2005) or AEA (Mahler et al., 2007) into these hotspots drastically increased 

taste “liking” reactions for sucrose whereas the same injection next to the hotspots 

failed to alter hedonic reactions. It remains to be determined whether these 

observations hold true for other rewarding stimuli. 



INTRODUCTION 2 - Motivation, reinforcement & reward 

55 
 

In conclusion, even though DA was initially labelled as the "pleasure" neurotransmitter, 

the hedonic properties of reward, and hence its “liking” dimension, are not encoded by 

the dopaminergic system although it involves one of its major target regions, namely 

the NAc. 

 

Reconciling learning and activational properties of dopamine? 

Activity of DA neurons in the VTA conveys, through RPEs, learning signals whilst 

dopaminergic transmission in the NAc core bears activational properties. These 

findings question how the seemingly same circuit/transmitter can influence both 

present (activational) and future (learning) behaviors? 

The answer to this question has been proposed to rely on different time scales, with 

the tonic (slow) activity of VTA dopaminergic neurons conveying motivational signals 

whilst their phasic (fast) activity (either bursts or pauses) is translated into a learning 

signal updating expectations (Schultz, 2007). Recent studies help to go a step further 

regarding this issue. By combining a decision-making paradigm with (i) real-time 

recording of the activity of VTA dopaminergic neurons and (ii) measurement of 

extracellular DA concentrations at target sites by microdialysis or fast-scan cyclic 

voltammetry (FSCV), Berke's group demonstrated that NAc core DA concentrations 

encode the value of working for a reward. This encoding was independent from the 

firing activity of VTA dopaminergic neurons, the latter being rather involved in RPEs 

(Hamid et al., 2015; Mohebi et al., 2019). 

Several researchers described DA ramps as the animal gets closer to the reward 

(either in time or space; Hamid et al., 2015; Howe et al., 2013; Roitman et al., 2004; 

Wassum et al., 2012) suggesting that it could reflect animals’ motivation for the reward. 

By using a decision-making paradigm requiring a series of actions from the animal to 

get (or not) rewarded (the experimenter varying the probability of delivery), Hamid and 

colleagues demonstrated that DA concentration ([DA]) in the NAc core correlated with 

the level of the working engagement for the reward (Figure 6), i.e. the moment-by-

moment level of reward expectation (Hamid et al., 2015).  
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Figure 6 - DA concentration in the nucleus accumbens core reflects the value of working for a 
reward. (Left) When an animal works for a high-probability reward delivery (e.g., 75% chance to be 

rewarded: 0.75 trajectory), the value of work increased as the animal gets closer to the reward, and 

stimuli indicating the certainty of the delivery (value of work = 1) induce only a small change (δ) in work 

value. In contrast, if the reward delivery has a low probability of occurrence (e.g., 75% chance to be 

rewarded: 0.75 trajectory), reward-predictive stimuli induce a massive increase in the value of working 

for it. Therefore, δ represents RPE, whereas the theoretical lines indicate the moment-by-moment 

reward expectation. (Middle) DA concentrations in NAc core normalized to baseline. Reward 

expectations (represented by the number of reward deliveries in the last 10 trials) influence the DA surge 

at the reward-predictive cue. (Right) However, consecutive fast-scan cyclic voltammetry measures 

revealed that rather than modulating peak values, reward expectations altered baseline DA 

concentration as seen after normalization to the peak value. (Adapted from Berke, 2018) 

 

Indeed, baseline [DA] is higher if reward expectation is almost certain (e.g. 90% of the 

previous trials rewarded) than if the reward delivery is highly unlikely. Interestingly, fast 

DA fluctuations are consistent with RPE, as with high reward expectation reward 

delivery induces a fast surge in DA that is quantitatively lower than if the expectation 

is very low (Figure 6). However, the reward expectation, and thus baseline NAc core 

[DA], does not correlate with the tonic activity of DA neurons whilst their phasic activity 

does correlate with fast DA fluctuations (Mohebi et al., 2019). This suggests a 

dissociation between neuronal firing activity and DA release, consistent with several 

reports of local modulation of NAc DA release (Cachope et al., 2012; Threlfell et al., 

2012; see below). 
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2.2.3. Other cellular types in VTA & motivated behaviors 

As previously mentioned, in addition to dopaminergic neurons, the VTA is also 

composed of non-dopaminergic cells, mainly GABAergic (30-35% of cells) and 

glutamatergic (5-10% of cells) neurons (Margolis et al., 2012; Nair-Roberts et al., 2008; 

Yamaguchi et al., 2011). 

VTA GABAergic terminals can arise from local interneurons or from long-range 

projection neurons (Bariselli et al., 2016; Morales and Margolis, 2017; Soden et al., 

2020). Interestingly, several drugs of abuse are documented to negatively interact with 

these neurons, including cannabinoids (Friend et al., 2017; Szabo et al., 2002), 

cocaine (Bocklisch et al., 2013) and benzodiazepines (Tan et al., 2010), hence 

disinhibiting VTA dopaminergic neurons. It is thought that such a disinhibition 

contributes to their reinforcing properties (Lüscher and Malenka, 2011). Besides, VTA 

GABAergic neurons are intrinsically involved in RPEs. Indeed, after several pairings 

between a liquid reward and its predictive cue, optogenetically tagged VGAT-positive 

VTA GABAergic neurons displayed a sustained increase in their firing activity between 

the predictive cue and reward delivery (Cohen et al., 2012). These are thought to code 

an expectation of reward magnitude, but which differs from that promoted by RPE-

coding VTA-DA neurons by their insensitivity to reward delivery or omission (Cohen et 

al., 2012). Optogenetic activation of local VTA GABAergic neurons during the US 

presentation disrupted the consumption of a liquid reward, doing so by inhibiting VTA 

dopaminergic neurons (van Zessen et al., 2012; Wakabayashi et al., 2019), but not 

when this activation occurred during CS presentation. The involvement of VTA 

GABAergic neurons is however not restricted to positive experiences. Indeed, these 

neurons were also activated by unconditioned aversive stimuli, such as air puffs 

(Cohen et al., 2012). Moreover, their stimulation by optogenetic means inhibited the 

firing activity of DA neurons upon which they synapse, thereby triggering conditioned 

place aversion (Tan et al., 2012). In addition, VTA GABAergic neurons projecting onto 

NAc cholinergic interneurons (CINs) are thought to be involved in associative learning. 

Thus, optogenetic stimulation of these GABAergic neurons induced brief pauses of 

CINs and improved the learning of the stimulus-outcome in an aversive conditioning 

paradigm (Brown et al., 2012). A recent study confirmed the involvement of CINs in 

motivational cue processing as their activation led to a decreased pavlovian-to-

instrumental transfer whilst their inhibition increased it (Collins et al., 2019). Altogether, 
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the above observations raise the hypothesis that the VTA GABAergic projecting 

neurons modulating the activity of CINs play a role in the above-mentioned dissociation 

between the motivational and the learning roles of DA (Berke, 2018). Finally, bed 

nucleus of the stria terminalis (BNST) inputs onto VTA GABAergic neurons can also 

modulate conditioning. Indeed, activation of BNST glutamatergic inputs onto VTA 

GABAergic neurons induces CPA and anxiety-like behavior, whilst activation of BNST 

GABAergic inputs induces conditioned place preference (CPP) and promotes 

anxiolysis (Jennings et al., 2013). Considered altogether, these findings underline the 

crucial role of VTA non-DA neurons, suggesting a close collaboration of these different 

cell-types in motivated behaviors. 

 

 

3. CB1 receptors & reward processing 

The mesocorticolimbic DA system is thus a crucial neural substrate for reward 

processing and motivation. Given its prime importance in animals’ survival, this system 

is highly regulated through a plethora of neurobiological mechanisms. By its “on 

demand” neuromodulatory role, the endocannabinoid system can finely tune DA 

transmission, doing so at several levels in a crucial way for reward processing and 

motivation. 

 

3.1. CB1 receptors & VTA dopaminergic neurons 

A prerequisite for the involvement of CB1 receptors in reward processing and 

motivation lies in their presence in reward-regulating brain regions, especially the VTA. 

Ultrastructural observations provided evidence for the presence of both the 2-AG 

synthesizing enzyme, DGLα, and CB1 receptors in the VTA (Mátyás et al., 2008). 

Interestingly, the precise location of both components fits with an 

endocannabinoidergic neuromodulation of dopaminergic afferences, with DGLα being 

expressed on the dendritic membrane of DA neurons, facing CB1 receptor-expressing 

GABAergic and glutamatergic afferences onto these VTA dopaminergic neurons. 

Electrophysiological evidences strengthen this hypothesis. Indeed, when 

dopaminergic neurons activity was increased in vitro through application of apamine 
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(a blocker of calcium-sensitive potassium channels), the CB1 receptor antagonist 

AM251 increased both GABAB receptor-mediated IPSCs and AMPA receptor-

mediated EPSCs (Riegel and Lupica, 2004), hence demonstrating an 

endocannabinoid release onto these GABAergic and glutamatergic presynaptic 

neurons. Moreover, it has been shown that GABAB receptor-mediated currents were 

related to extrinsic GABAergic afferences whilst GABAA receptor-mediated currents 

were observed in synapses with local interneurons (Edwards et al., 2017; Johnson and 

North, 1992; Riegel and Lupica, 2004). In line with this discrimination, past studies 

demonstrated that CB1 receptor agonists increased the activity of VTA dopaminergic 

neurons (Cheer et al., 2000) whilst decreasing their GABAA receptor-mediated IPSCs 

(Szabo et al., 2002). These effects were prevented by CB1 receptor antagonists and 

GABAA receptor agonists (Cheer et al., 2000; Szabo et al., 2002) suggesting that in 

addition to extrinsic GABAergic afferences, CB1 receptors could exert a 

neuromodulatory impact on VTA dopaminergic neurons through intrinsic GABAergic 

interneurons. As indicated above, endocannabinoids also modulate the activity of 

glutamatergic afferences onto VTA dopaminergic neurons. Indeed, short-term 

endocannabinoid plasticity at these glutamatergic afferences, namely DSE (see 

above), has been observed in vitro (Melis et al., 2004b, 2004a). In addition, the 

activation of VTA dopaminergic neurons which resulted from the stimulation of 

prefrontocortical glutamatergic afferences was found to be respectively amplified and 

diminished by CB1 receptor antagonists and agonists in vivo (Melis et al., 2004a).  

Taken together, these observations demonstrate the involvement of the 

endocannabinoid system in the modulation of the activity of VTA dopaminergic 

neurons, doing so through extrinsic (Riegel and Lupica, 2004) and intrinsic (Cheer et 

al., 2000; Szabo et al., 2002) GABAergic afferences on the one hand, and 

glutamatergic afferences on the other hand (Melis et al., 2004b, 2004a).  

However, given their ability to modulate both inhibitory and excitatory afferences to 

VTA dopaminergic neurons, it is conceivable that the net effect of the stimulation of 

CB1 receptors would be null if endocannabinoids released from VTA dopaminergic 

neurons reach indistinctively these CB1 receptor-expressing GABAergic and 

glutamatergic presynapses. Even though an apamine-mediated increase in the activity 

of the latter neurons suggested an endocannabinoid release onto CB1 receptors 

located on both inhibitory and excitatory afferences (Riegel and Lupica, 2004) this 
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situation is hardly conceivable under physiological conditions. Interestingly, systemic 

administration of CB1 receptor agonists, such as THC or WIN55,212-2, increased the 

firing rate of VTA dopaminergic neurons, doing so through increases in the percentage 

of action potentials contained in bursts (French, 1997; Gessa et al., 1998; Wu and 

French, 2000). This effect, which was blocked by rimonabant (French, 1997; Gessa et 

al., 1998), thus indicates that CB1 receptor agonists acted solely on GABAergic 

afferences (Lupica and Riegel, 2005). Indeed, in vitro studies further suggested a tonic 

positive control of VTA dopaminergic activity through these GABAergic afferences. 

Accordingly, CB1 receptor antagonists increased GABA receptor-mediated IPSCs 

(Buczynski et al., 2016; Wang et al., 2015), although contrasting results were also 

reported (Cheer et al., 2003; Gessa et al., 1998; Riegel and Lupica, 2004). Strikingly, 

this effect was prevented by pretreatment with tetrahydrolipstatin, a DGLα inhibitor, but 

increased by JZL184, a MGL inhibitor which increases extracellular levels of 2-AG (see 

above) (Wang et al., 2015).  

As previously mentioned, endocannabinoid synthesis can arise from depolarization-

induced increases in intracellular calcium, but also from activation of Gq protein-

associated receptors (e.g. mGluR1/5 receptors), hence converging into an activation 

of PLCβ and, thus, production of 2-AG. Interestingly, several groups reported a CB1 

receptor-mediated control of the activity of VTA dopaminergic neurons consecutive to 

the stimulation of these Gq protein-associated receptors. Indeed, the stimulation of α-

1 adrenergic receptors (Wang et al., 2015), mGluR1/5 receptors  (Pan et al., 2008), or 

orexinergic OX1 receptors (Tung et al., 2016) all increased VTA dopaminergic activity 

by (i) prior production of 2-AG from dopaminergic neurons, leading to (ii) a CB1 

receptor-mediated decrease in the activity of GABAergic inputs onto these neurons. 

Conversely, a decrease in the EPSCs recorded in dopaminergic neurons could be 

observed after stimulation of NTS1 neurotensin receptors, this observation resulting 

from a 2-AG-mediated stimulation of CB1 receptors on excitatory inputs to 

dopaminergic neurons (Kortleven et al., 2012). 

In summary, CB1 receptor activation is well suited to finely tune the activity of the 

mesocorticolimbic dopaminergic pathway. The above data suggest that their 

depolarization and/or the stimulation of Gq protein-associated receptors on their 

membranes does not induce a wide and blind production and release of 

endocannabinoids. Rather, it seems that such a release is targeted to modulate a 
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specific type of afference. The observation that DGLα is expressed following a 

“punctate pattern” at the vicinity of afferences (Mátyás et al., 2008) strengthens such 

a hypothesis. 

 

3.2. CB1 receptors & dopamine release 

The endocannabinoid system, and specifically CB1 receptors, also regulate the 

release of DA in its target areas. This is especially true in the NAc.   

Stimulating CB1 receptors through the systemic administration of THC (Chen et al., 

1991), WIN55,212-2 (Cheer et al., 2004; Sperlágh et al., 2009) or AEA (Solinas et al., 

2006) increases NAc DA release. This effect is potentiated by an inhibitor of FAAH 

(URB597), and blocked by rimonabant, hence demonstrating the specific involvement 

of CB1 receptors. In contrast, blocking CB1 receptors using antagonists does not alter 

per se DA release, suggesting a lack of tonic endocannabinoid release under control 

conditions (Cheer et al., 2004, 2007). Although tightly linked to dopaminergic activity, 

the release of DA within target areas, and especially the NAc, is also locally controlled 

by CB1 receptors. In the striatum, CB1 receptors are expressed following a 

dorsolateral-ventromedial gradient, the highest expression being in the dorsal regions 

whereas the NAc expresses only few CB1 receptors (Herkenham et al., 1990; 

Hohmann and Herkenham, 2000). However, these receptors bear a profound influence 

on local DA release, and hence motivated behaviors. Interestingly, CB1 receptors are 

not expressed by dopaminergic neurons (Matsuda et al., 1993; Mátyás et al., 2008) 

ruling out any direct influence of cannabinoids on dopaminergic terminals, further 

confirmed by the absence of effect of cannabinoid agonists or antagonists on DA 

release evoked by a single electrical pulse (Sidló et al., 2008; Szabo et al., 1999). As 

indicated above, although representing a small proportion of striatal neurons, another 

important reward-related neuronal population within the NAc is the CINs whose activity 

increases the release of DA independently from VTA dopaminergic neuronal firing tone 

(Cachope et al., 2012; Threlfell et al., 2012). This recently discovered mechanism is of 

crucial importance for motivated behaviors as the pattern of burst-and-pauses 

displayed by CINs coincides with dopaminergic activity during salient cue presentation 

(Cragg, 2006).  Although Ach release from CINs favors the endocannabinoid 

production by the MSNs (Narushima et al., 2007), CINs are devoid of CB1 receptors 
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(Hohmann and Herkenham, 2000; Mateo et al., 2017). In contrast, CB1 receptors were 

observed on both GABAergic (interneurons, mostly fast-spiking parvalbumin-positive 

interneurons, and MSNs, displaying collaterals impinging onto NAc neurons) and 

glutamatergic terminals within the NAc (Uchigashima et al., 2007) even though at 

differential level, i.e. highly expressed in the former but not in the latter. Interestingly, 

cannabinoid agonists decrease CIN-induced DA release through stimulation of CB1 

receptors located on cortical glutamatergic terminals in the NAc (Mateo et al., 2017). 

Importantly, MSNs were found to express the machinery necessary for 

endocannabinoid synthesis, allowing local endocannabinoid signalization 

(Uchigashima et al., 2007). However, the exact locus of the CB1 receptor-mediated 

control of DA release has been proven difficult to assess. Indeed, it was observed that 

electrically evoked DA concentrations in the NAc were decreased by the administration 

of CB1 receptor agonists (Cheer et al., 2004; Sidló et al., 2008). The mechanism 

involves (i) a decreased GABAA-related inhibition, (ii) the increase in production of the 

diffusible messenger H2O2 that in turn (iii) triggers the opening of ATP-sensitive 

potassium channels leading to (iv) a decreased release of DA (Sidló et al., 2008).  

Altogether, these observations indicate that CB1 receptor activity could be involved in 

the integration of motivationally-relevant information and action selection by 

participating in the regulation of the afferent messengers impinging onto NAc.   

Modulation of CB1 receptors also alters DA release in response to several drug and 

nondrug rewards. Indeed, CB1 receptor antagonists decrease cocaine-induced DA 

transients within the NAc (Cheer et al., 2007), and this hold also true for nicotine (Cheer 

et al., 2007; Cohen et al., 2002), ethanol (Cheer et al., 2007; Cohen et al., 2002; 

Hungund et al., 2003) and amphetamine (Kleijn et al., 2012). These pharmacological 

findings were confirmed using CB1-KO animals, whether ethanol (Hungund et al., 

2003), cocaine (Li et al., 2008), or morphine (Mascia et al., 1999) are concerned. 

Nondrug rewards such as palatable food have been shown to elicit DA release within 

the NAc in a CB1 receptor-dependent manner (Melis et al., 2007). Thus, despite the 

variety of mechanisms through which drug and nondrug rewards promote DA release, 

CB1 receptor blockade proved efficient at modulating such a release, hence providing 

an illustration of the neuromodulatory role of the ECS on terminal dopaminergic 

transmission. 
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3.3. CB1 receptors & motivated behavior 

In the previous sections, I described several mechanisms through which CB1 receptors 

regulate dopaminergic transmission. This description raises the issue of the net impact 

on motivated behaviors of CB1 receptor stimulation on the one hand, and CB1 receptor 

blockade/deletion on the other hand. However, such considerations cannot account for 

the net behavioral outcome induced by modulation of CB1 receptors under 

physiological conditions, or through pharmacological or genetic manipulations on one 

hand, and the involvement of CB1 receptors in the effects of drug of abuse. 

Intracranial self-stimulation (ICSS) experiments have been extensively used to 

investigate the neurobiological underpinnings of reward-related processes and of the 

reinforcing properties of drugs of abuse (Carlezon and Chartoff, 2007). Animals 

voluntarily and repeatedly self-stimulate through an electrode located in key brain 

areas exerting a stimulatory control of the mesocorticolimbic pathway. THC displays a 

biphasic effect with low doses decreasing ICSS thresholds, demonstrating an 

increased rewarding efficacy of the electrical stimuli, whereas higher doses increase 

this threshold, both effects being antagonized by rimonabant (Katsidoni et al., 2013; 

Vlachou et al., 2007). This is consistent with the ability of THC to be self-administered, 

especially when locally administered within the VTA or the NAc, this ability being 

prevented by either rimonabant or the genetic deletion of CB1 receptors (Justinova et 

al., 2003; Ledent et al., 1999; Zangen et al., 2006). Confirmingly, a similar biphasic 

effect of THC can be observed in conditioned place experiments, low and high doses 

promoting respectively CPP and CPA, both being blocked by rimonabant although the 

latter is devoid of intrinsic effect (Braida et al., 2004; Chaperon et al., 1998; Valjent and 

Maldonado, 2000). Recent findings suggest that the aversive effect of cannabinoids 

could be due to the stimulation of CB1 receptors located on VTA VGLUT-2-expressing 

glutamatergic neurons (Han et al., 2017).  

In addition to their role in mediating cannabinoid rewarding effects, CB1 receptors 

modulate the reinforcing properties of several drugs of abuse (Parsons and Hurd, 

2015). This is true for opiates. Thus, CB1 receptors and opiate (especially µ) receptors 

are closely interacting with consequences on reward-related processes (Solinas and 

Goldberg, 2005). Indeed, CB1 receptor antagonists block heroin and morphine self-

administrations (Caillé and Parsons, 2003, 2006; Navarro et al., 2001). Furthermore, 

CB1-KO mice display decreased morphine self-administration (Ledent et al., 1999), 
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lack of CPP for morphine (Martin et al., 2000) and do not show morphine-induced NAc 

DA release (Mascia et al., 1999). In a similar way, alterations in CB1 receptor activity 

affect the reinforcing properties of ethanol. Indeed, antagonism of these receptors 

decreases ethanol consumption (Arnone et al., 1997), blunts the preference over water 

in a two-bottle test (Thanos et al., 2005) and decreases self-administration when 

rimonabant is injected systemically (Economidou et al., 2006; Freedland et al., 2001) 

or infused in the NAc or the VTA (Alvarez-Jaimes et al., 2009; Caillé et al., 2007). In 

confirmation, CB1-KO animals do not express CPP for ethanol (Thanos et al., 2005). 

Although eliciting different behavioral effects from those elicited by opiates or ethanol, 

the reinforcing properties of psychostimulants, such as cocaine, are also sensitive to 

manipulations of CB1 receptor activity. Blockade or genetic deletion of CB1 receptors 

decreased cocaine self-administration, but only when reinforcement schedules are 

high, such as during a progressive ratio (PR; Soria et al., 2005; Vries et al., 2001; Xi 

et al., 2008). The use of conditional CB1 receptor mutants (identical to those used in 

this Thesis; see “Results”) revealed that CB1 receptors located on forebrain 

GABAergic neurons control the sensitivity to cocaine whereas those located on cortical 

glutamatergic neurons control the learning processes involved in cocaine seeking 

(Martín-García et al., 2016). Surprisingly, the CB1 receptor agonist WIN55,212-2 also 

decreases cocaine self-administration (Fattore et al., 1999) whilst CB1-KO animals 

display no alteration in cocaine-induced CPP (Martin et al., 2000; Tung et al., 2016) 

indicating that the relationship between CB1 receptors and cocaine reinforcing 

properties are more complex than initially thought. As compared to the above-

mentioned drugs, the relationship between CB1 receptors and nicotine reinforcement 

has been less characterized. Antagonism of CB1 receptors, especially those located 

in the VTA, decreases nicotine self-administration (Cohen et al., 2002; Simonnet et al., 

2013) whilst, surprisingly, no alteration in nicotine self-administration is observed in 

CB1-KO animals (Cossu et al., 2001). Similarly, CB1 receptor blockade in the VTA 

decreases CPP for nicotine (Azizi et al., 2018) but no phenotype is observed in the 

same behavioral task when CB1-KO animals are tested (Castañé et al., 2002). Finally, 

modulation of CB1 receptors impacts the reinstatement of drug-seeking after a period 

of extinction, an animal model of relapse (Shaham et al., 2003). Indeed, CB1 receptor 

agonists reinstate THC- (Justinova et al., 2008), heroin- (Vries et al., 2003), ethanol- 

(López-Moreno et al., 2004), cocaine- (Vries et al., 2001) and nicotine-seeking 

(Gamaleddin et al., 2012). On the other hand, CB1 receptor blockade decreases cue- 
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and drug-induced reinstatement for such drugs (Economidou et al., 2006; Gamaleddin 

et al., 2012; Justinova et al., 2008; Vries et al., 2001, 2003).  

Besides drugs of abuse, examination of the interactions between CB1 receptors and 

natural rewards have greatly helped to document the role of the endocannabinoid 

system in reward processes (Fattore et al., 2010; Solinas et al., 2008). This is 

especially true for food intake, whether examined at the consummatory level or at the 

motivation level. Cannabis has been described for centuries as exerting an orexigenic 

effects in human (Abel, 1975), an effect later attributed to THC. Indeed, administration 

of THC (Koch, 2001; Williams and Kirkham, 2002; Williams et al., 1998) or AEA 

(Jamshidi and Taylor, 2001; Soria‐Gómez et al., 2007; Williams and Kirkham, 1999) in 

satiated animals induces a dose-dependent hyperphagia and increases the intake of 

sweet solutions (Gallate et al., 1999), i.e. effects which are blocked by rimonabant 

(Gallate and McGregor, 1999; Williams and Kirkham, 1999, 2002). Interestingly, in 24-

h fasted animals, THC exerts a biphasic effect during refeeding, with (i) low doses 

inducing hyperphagia, whilst (ii) higher doses promote hypophagia, this differential 

effect of THC being mediated by different subsets of CB1 receptors located on cortical 

glutamatergic and NAc-D1R-expressing MSNs, respectively (Bellocchio et al., 2010). 

Hyperphagia elicited by THC has been then shown to be modulated by olfactory 

processes (Soria-Gómez et al., 2014). Moreover, CB1 receptor antagonists on their 

own decrease food intake in food-restricted animals (Chambers et al., 2004; 

McLaughlin et al., 2003, 2006). Under control conditions (ad libitum feeding), CB1-KO 

mice display a lean and hypophagic phenotype (Cota et al., 2003), indicating that, 

beside their role under fasting and restricted feeding conditions, CB1 receptors are 

also involved in homeostatic food intake.  

However, as mentioned earlier, free consumption does not reflect the appetitive 

motivation for food. Researchers have thus investigated the involvement of CB1 

receptors in food-maintained reinforcement in animals as to understand whether and 

how these receptors regulate motivation for food. Interestingly, THC and other CB1 

receptor agonists increase operant responding for standard food or palatable 

food/nutritional liquid under FR schedules (Barbano et al., 2009) or PR schedules of 

reinforcement, an effect blocked by CB1 receptor antagonists (Solinas and Goldberg, 

2005; Ward and Dykstra, 2005). As observed with the consumption under free access 

conditions, CB1 receptor antagonists decrease operant responding for food under FR 
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(Freedland et al., 2000; McLaughlin et al., 2003; Thornton-Jones et al., 2005) and PR 

(Solinas and Goldberg, 2005; Ward and Dykstra, 2005) reinforcement schedules. 

These pharmacological findings were confirmed by the use of CB1-KO mice exerting 

decreased operant responding for food and sweet solutions (Guegan et al., 2013; 

Mancino et al., 2015; Sanchis-Segura et al., 2004). Together with the ability of CB1 

receptor antagonists to decrease food-induced DA release (Melis et al., 2007) without 

affecting the ability to feed (forepaw usage during feeding; McLaughlin et al., 2005), 

these last observations are consistent with a role for CB1 receptors in the appetitive 

motivation for food. However, the phenotype observed after injection of CB1 receptor 

antagonists before being tested in the aforementioned procedures where animals have 

the choice between lever pressing for a preferred diet or free consumption of a chow 

diet (paragraph 2.2.2; Randall et al., 2012; Sink et al., 2008) is closer to a pre-feeding 

impact (satiation characterized by a decrease in both lever pressing for the preferred 

food and in the consumption of freely accessible chow) than to an activational impact 

reflecting dopaminergic transmission alterations (i.e. concurrent decreases in lever 

pressing with increases in chow consumption). This suggests that altering CB1 

receptor transmission decreases appetite rather than it disrupts the activational 

dimension of feeding behavior. In addition to the positive impact of CB1 receptor 

stimulation on food-maintained reinforcement, past studies using taste reactivity tests 

(aimed at evaluating the hedonic dimension of reinforcer) have demonstrated that THC 

increases the hedonic reactions to sucrose and decreases the aversiveness of the 

bitter compound quinine (Jarrett et al., 2005, 2007). Conversely, CB1 receptor 

antagonists blocked these effects beside promoting opposite effects on their own 

(Jarrett et al., 2005, 2007). Moreover, Mahler et al. (Mahler et al., 2007) described a 

hedonic hotspot in which injection of AEA increased drastically hedonic reactions to 

sucrose without altering quinine aversiveness. In conclusion, CB1 receptors control 

food intake through multiple mechanisms within food-relevant brain areas including 

modulation of food motivation through alteration of appetitive and hedonic properties 

of the food. Note that for the sake of clarity and due to controversies on the specificity 

of so-called peripheral CB1 receptor antagonists, the putative impacts of peripheral 

CB1 receptors on the aforementioned feeding behaviors after CB1 receptor 

stimulation/blockade will not be addressed in the present document.  
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In addition to food, social interaction is another strong nondrug reward in both humans 

and laboratory animals, although its underlying neurobiology appears far more 

complex. The reinforcing value of social interactions was shown in monkeys who were 

proposed two levers for either highly palatable food or social play: in half of the trials, 

the animals would choose social play over food, even when rendered hungry (Mason 

et al., 1963). This was later confirmed in laboratory rodents using discrimination tests 

in a T-maze (Ikemoto and Panksepp, 1992), in a three-chamber apparatus (Nadler et 

al., 2004) and in CPP trials (Trezza and Vanderschuren, 2009). Social reward is 

regulated by the mesolimbic dopaminergic system, especially through activation of 

VTA dopaminergic neurons projecting to the NAc (Bariselli et al., 2018; Gunaydin et 

al., 2014; Prevost-Solie et al., 2020). Besides DA, oxytocin and serotonin interactions 

within the target area (NAc) have been shown to mediate the rewarding properties of 

social behaviors (Dölen et al., 2013). In keeping with the data provided in the present 

chapter, it is not surprising that the ECS also modulates social interactions (Fattore et 

al., 2010). The characterization of its involvement in social interactions traces back to 

the 70’s when investigations revealed a pro-social effect in human cannabis smokers 

versus nonsmoking individuals (Georgotas and Zeidenberg, 1979; Tart, 1970). On the 

other hand, THC decreases agonistic interactions in several animal species, an 

observation which might be accounted for by the high doses used (Miczek, 1978). 

Although preclinical studies repeatedly demonstrated that CB1 receptor agonists such 

as THC and WIN55,212 decrease social interactions and social play (Busquets-Garcia 

et al., 2017; Trezza and Vanderschuren, 2008a, 2008b), likely through mitochondrial-

associated CB1 receptors in astrocytes (Jimenez-Blasco et al., 2020), the increase in  

AEA levels following the inhibition of its degrading enzyme proved effective at 

increasing social play, an effect blocked by rimonabant and the non-selective DA 

receptor antagonist flupenthixol (Trezza and Vanderschuren, 2008a, 2008b). These 

data thus strengthen the hypothesis of an endocannabinoid control of the reinforcing 

properties of social interactions. Confirmingly, mutant mice lacking the AEA degrading 

enzyme (FAAH-KO mice) proved more social than their controls (Cassano et al., 2011) 

whilst CB1-KO mice displayed decreased social interactions (Haller et al., 2004). More 

specifically, Wei and colleagues (Wei et al., 2015) used a CPP paradigm to better 

characterize the involvement of endocannabinoids in the rewarding properties of social 

interactions. Interestingly, social encountering and isolation were observed to 

respectively increase and decrease AEA mobilization within the NAc. They further 
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demonstrated that this AEA mobilization was driven by the "prosocial" neuropeptide 

oxytocin in this brain region, and that this mechanism was both necessary and 

sufficient for the rewarding properties of social interaction (Wei et al., 2015, 2017). 

Similar observations were made while investigating social play in juvenile rats: social 

play increases AEA mobilization in NAc and amygdala, an effect amplified by inhibiting 

AEA degradation in either brain region (Trezza and Vanderschuren, 2008a; Trezza et 

al., 2012).   

Another nondrug reward has been the interest of investigations in the past decades, 

namely physical activity. As we will see in the next chapter, several modulators of 

physical activity have been described. I will show that several findings point to a major 

role played by the endocannabinoids in the reinforcing property of physical activity. 

 

 

4. Physical activity: from humans to animal models 

From physicians of ancient China and Greece to modern public health communication, 

exercise practice is promoted and encouraged all over the world. Several decades of 

investigations revealed multiple positive effects of physical activity, giving scientific 

ground to the roman adage “mens sana in corpore sano” (“a healthy mind in a healthy 

body”). Physical exercise bears reinforcing properties and is pleasurable, and as such, 

is considered a natural reward. Then, it might seem paradoxical that most of the people 

engaging in exercising programs to tackle overweight or obesity drop-out before 

reaching their therapeutic goals. At the other side of the spectrum, excessive exercise 

is a core feature of several psychiatric disorders, including exercise addiction and 

anorexia nervosa. In the latter, excessive exercise is considered a life-threatening 

activity because it worsens the catabolic imbalance yet promoted by food restriction. It 

has been recently proposed that one common feature of these excesses in exercise 

practice find their roots at the motivation level. However, the neurobiological 

underpinnings of human exercise motivation have been loosely described as these 

mainly rely on imaging studies, thus rendering animal models of physical activity of 

prime importance. As detailed below, these models have outlined the key role of the 

ECS, and especially CB1 receptors, in exercise motivation.  
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4.1. Why studying physical activity? 

Physical activity corresponds to “any bodily movement produced by skeletal muscles 

that results in energy expenditure” (Caspersen et al., 1985) whilst physical exercise 

adds to the latter criteria the planning of that activity and its intentional bases (e.g. 

health-directed, record-directed…). Physical activity/exercise is a crucial component of 

the energy balance, representing most of the caloric expenses in humans and animals, 

as opposed to caloric storage which is mainly accounted for by food intake. Nowadays, 

our industrialized societies are overwhelmed by tasty and energy-dense foods on the 

one hand – and which might have enduring consequences throughout life (Naneix et 

al., 2018; Tantot et al., 2017; Vendruscolo et al., 2010)-, and technological progresses 

(e.g. transportation, information technologies) which facilitate sedentary activities on 

the other hand. This leads to an imbalance which is alarming considering its burden 

for our societies in terms of public health and economy. Indeed, a North American 

longitudinal study indicated that the prevalence of obesity which increased between 

1988 and 2010 was mostly explained by a deficit in physical activity rather than by an 

increase in caloric intake (Ladabaum et al., 2014). Around 6 % of coronary heart 

diseases, 7% of type-2 diabetes, 10% of breast cancers and 10% of colon cancers 

were estimated to be attributable to physical inactivity; furthermore, 9 % of premature 

deaths worldwide in 2008 were accounted for by sedentariness (Lee and Paffenbarger, 

2000; Lee et al., 2012; Warburton et al., 2006). From an economic point of view, the 

worldwide burden was estimated around 54 billion dollars in 2013 (Ding et al., 2016). 

In line with these observations, decades of epidemiological research demonstrated the 

health benefits of exercise, whether these concerned preventions or adjunct therapy 

(Warburton et al., 2006).  

The central effects of physical activity have been of particular interest for psychiatric 

therapies as epidemiological studies reported an association between exercise and a 

lower risk of mental disorders (Goodwin, 2003; Harvey et al., 2010; Have et al., 2011). 

Confirmingly, exercise was shown as beneficial as a first line treatment in mild to 

moderate depression forms and provided synergistic benefit when added to classical 

pharmacotherapies in more severe cases (Carek et al., 2011; Cooney et al., 2013; 

Schuch et al., 2016). Besides, acute and chronic anxiolytic properties of exercise have 

been recognized since the 80’s (Greist et al., 1979; Martinsen, 2009; Martinsen et al., 

1985), and are proposed as an efficient prevention and/or as adjunct to therapy against 
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anxiety disorders (Carek et al., 2011; Kandola et al., 2018; Martinsen, 2009; Zschucke 

et al., 2013). 

Several neurobiological hypotheses intended to explain the positive central effects of 

physical activity through structural and functional changes (Voss et al., 2013). Exercise 

increases monoamine (DA, serotonin, noradrenaline) synthesis and/or release in 

several brain areas relevant to the modulation of mood (Chaouloff, 1989, 1997; Dunn 

and Dishman, 1991). However, such findings lacked experimental evidence for a 

causal link between these exercise-induced monoamine changes and mood 

modulation. Several pieces of evidence pinpoint the opioid system as acute exercise 

increases circulating β-endorphin in humans (Carr et al., 1981; Gambert et al., 1981) 

and both peripheral and central β-endorphin in rodents (Hoffmann et al., 1990). β-

endorphins are agonists at the MOR, whose activation is crucial for the euphoric effects 

of opioids; and, blocking MORs decreased the mood-improving effects of physical 

exercise in humans in some studies (Järvekülg and Viru, 2002) whilst reported as 

ineffective in other (Markoff et al., 1982, but see for review Dishman and O’Connor, 

2009). Despite being very well impregnated in the wide audience, the endorphinergic 

hypothesis of physical exercise bears however several caveats, among which the 

consideration that even a slight activation of MORs induces noticeable physiological 

effects (e.g. respiratory depression) obviously incompatible with exercise 

performances. More recent work focused on another candidate, namely the growth 

factor "brain-derived neurotrophic factor" (BDNF), which belongs to the neurotrophins 

family. This factor, expressed at high levels in the brain, is of crucial importance for the 

development and maturation of neurons, and for higher cognitive functions such as 

learning and memory (Lu et al., 2014). It was observed that short-term (i.e. days: 

Neeper et al., 1995) and long-term (i.e. months: Kobilo et al., 2011) exercise increase 

human circulating and rodent hippocampal BDNF in a durable manner (Ferris et al., 

2007; Gold et al., 2003). Indeed, other trophic factors are also upregulated in brain by 

exercise, albeit to a lesser extent than BDNF: this includes the insulin-like growth factor 

1 (IGF1; Carro et al., 2000) or the vascular endothelial growth factor (VEGF; Tang et 

al., 2010). Interestingly, peripherally blocking these trophic factors precluded the 

exercise-induced neurogenic effects (Fabel et al., 2003; Trejo et al., 2001). Even 

though the underlying mechanisms are not fully characterized, BDNF, IGF1 and VEGF 
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mediate part of the beneficial effects of exercise on brain health and functions through 

their actions on neurogenesis and plasticity (Cotman et al., 2007). 

To conclude, physical activity bears multiple beneficial effects on the whole body, 

including the brain, and represents a crucial therapeutic tool, alone or in association, 

to tackle a wide range of pathological conditions. Based on these observations, 

exercise was integrated in therapeutic programs aimed at normalizing body weight in 

overweight and obese patients. However, half of the participants dropped out of the 

long-term program before reaching the therapeutic goals; indeed, self-reports indicated 

that a lack of motivation for and/or pleasure from exercise was the main reason for 

such a drop out (Ekkekakis et al., 2008). This observation illustrates the need to identify 

the mechanisms supporting exercise motivation as this is a prerequisite for the use of 

exercise for therapeutic aims.  

 

4.2. Physical activity as a natural reward 

Physical activity is a powerful nondrug reward that can lead to euphoric states, such 

as the so-called “runner’s high”, i.e. a positive emotional state ("well-being") associated 

with anxiolysis, analgesia and ultimately sedation often reported by endurance runners 

(Dietrich and McDaniel, 2004). However, the evidence for the rewarding effect of 

physical activity mostly relies on self-reports of feelings during or after exercising 

(Ekkekakis et al., 2008); whilst physical activity bears cultural positive biases, 

especially within industrialized countries (the fashionable need to run) which impedes 

an objective assessment of the rewarding impact of exercise in humans. 

The rewarding properties of physical activity have thus been investigated in laboratory 

animals and especially in rodents. Placing an animal in a discriminative context after 

undergoing either an acute (Belke and Wagner, 2005; Lett et al., 2000) or a chronic 

(Greenwood et al., 2011) exercise induces a CPP, hence demonstrating the 

pleasurable dimension of exercising after-effects. However, besides measuring 

exercise after-effects rather than exercise actual effects, this assessment relies on a 

preference test which provides an indirect measurement of the reinforcing properties 

of physical activity. Several investigations, which rendered wheel-running contingent 

to a prior work (e.g. lever pressing) in operant conditioning protocols, robustly 

demonstrated that animals are willing to work to get access to exercise (Belke, 1997; 
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Collier and Hirsch, 1971; Iversen, 1993; Kagan and Berkun, 1954) even when the 

access consisted in noticeably short bouts of running (as short as 4-second bouts, 

Iversen, 1993). It might be opposed to these findings that wheel-running rather reflects 

boredom or stereotypical behavior of laboratory animals living in an impoverished 

environment (a living condition different from the one surrounding human beings). 

Then, animals could grant high salience to the opportunity to run as a mere artefact of 

the captivity conditions. However, Meijer et al. (Meijer and Robbers, 2014), by placing 

a running wheel equipped with a camera in a natural and open environment, 

demonstrated that wild mice actually perform wheel-running, their bouts of running 

being comparable to those of laboratory mice.  

At the neurobiological level, the use of laboratory animals revealed that wheel-running 

affected the mesolimbic dopaminergic system (Novak et al., 2012). Indeed, an acute 

running session increased NAc DA release in rats (Wilson and Marsden, 1995), a key 

feature of rewarding stimuli (see above). Chronic wheel-running was found to increase 

TH mRNA in the VTA (Greenwood et al., 2011), indicating an upregulation of DA 

synthesis. Moreover, as opposed to novel environment exploration and forced activity, 

wheel-running increased the immediate early gene c-fos, a widely used marker of 

neuronal activation, doing so specifically within the NAc core (Vargas-Pérez et al., 

2003). In addition, an increase in ∆Fos-B was observed in the NAc following 4-6 weeks 

access to wheel-running (Greenwood et al., 2011; Werme et al., 2002). Similar 

observations were reported following exposure to drugs of abuse (Nestler et al., 1999) 

suggesting common neuronal circuits. In line with such an assumption, several studies 

reported a mechanism of substitution between wheel-running and drugs of abuse 

(Lynch et al., 2013; Novak et al., 2012; Zhou et al., 2016) as observed with other 

nondrug rewards such as sucrose (Ahmed, 2018; Cantin et al., 2010). Indeed, the 

denial of ethanol to mice chronically exposed to both wheel-running and ethanol 

induced an increase in running (Ozburn et al., 2008). Moreover, wheel-running was 

reported to decrease self-administration rates of other drugs of abuse, including 

cocaine (Cosgrove et al., 2002; Smith et al., 2008) and amphetamine (Kanarek et al., 

1995). These observations extend to nondrug rewards such as food and sucrose. 

Indeed, when wheel access is granted on alternate days, standard food and sucrose 

intake are significantly decreased on the wheel-access day in favor of running (Mueller 

et al., 1997; Satvat and Eikelboom, 2006). 
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4.3. Physical activity in eating disorders: the case of anorexia nervosa 

As previously mentioned, physical activity bears beneficial effects and rewarding 

properties. However, excessive exercise is also observed in pathological conditions, 

one of which being anorexia nervosa. 

 

A brief overview of anorexia nervosa 

Anorexia nervosa (AN) is an eating disorder representing a set of feeding behaviors 

with restricting and bingeing/purging subtypes (Treasure et al., 2020) and is one of the 

deadliest psychiatric pathologies with a mortality rate estimated at 5.1 per 1000 person-

years (Arcelus et al., 2011). Although its lifetime prevalence is relatively low, AN affects 

1% of women and 0.5% of men (Smink et al., 2012), with a peak incidence during 

adolescence at around 15 year-old (Javaras et al., 2015; Zipfel et al., 2015). Anorexic 

patients display an impaired drive for food intake characterized by an ego-syntonic 

chronic food refusal associated with an intense fear of weight gain and an altered 

perception of one’s body, hence leading to a life-threatening weight loss (Kaye, 2008; 

Kaye et al., 2009; Treasure et al., 2020). This is especially true because the estimated 

latency between the initial trouble and the first treatment is circa 29.9 months (Treasure 

et al., 2020). The popular opinion that current physical standards of beauty in western 

societies and hence cultural pressure could account for anorexia is very unlikely given 

that (i) similar pathological cases were already described a century ago (Gull, 1888; 

Laségue, 1997) and (ii) the lifetime prevalence is low in high incomes western societies 

in which people are highly exposed to ideal of thinness through media (Smink et al., 

2012) (iii) the latter prevalence being comparable in non-western societies (Smink et 

al., 2012). Even though AN etiology remains loosely defined (Clarke et al., 2017), the 

common risk factors are the female gender, past eating or gastrointestinal problems, 

childhood trauma (sexual abuse, neglect, violence) and general psychiatric morbidities 

such as anxiety, depression, obsessive-compulsive disorders (Jacobi et al., 2004). 

Given the rarity of the disorder, the investigation of heritability and the role of genetic 

in AN etiology is challenging. Although no specific locus was described in genome-

wide association studies, the risk of developing AN is significantly higher for patient 

relatives, especially if from the female sex (Bulik et al., 2015; Initiative et al., 2019; 

Zipfel et al., 2015). Moreover, in a recent genome-wide association study in anorexic 
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patients, it was observed that genetic risk loci for AN were closely associated with 

several phenotypic variables, among which the propensity to exercise (Initiative et al., 

2019). 

 

Anorexia nervosa & physical activity 

Although the prime disturbance observed in anorexic patients corresponds to food-

related behavior and drastic loss of weight, excessive physical activity, which is not 

considered in the DSM-5 diagnostic manual, has recently been proposed to be 

considered as a core feature of AN (Zipfel et al., 2015). Indeed, excessive exercising 

is displayed by up to 80% of AN patient (Davis et al., 1997; Hebebrand et al., 2003). 

Longitudinal studies indicate that higher physical activity, which can be observed in 

individuals before the initiation of dieting and weight loss, is associated with a heavier 

clinical outcome (Casper and Jabine, 1996; Strober et al., 1997). Furthermore, female 

athletes are at higher risk of developing eating disorders, especially AN, than sedentary 

females (Martinsen and Sundgot-Borgen, 2013). However, a lack of consensus on the 

means to measure activity and thus define “excessive” activity has led to discrepancies 

in the literature; accordingly, some studies did report a higher level of activity in 

anorexic patients (e.g. Davis et al., 1997), whilst an absence of difference was 

observed in others (e.g. Bouten et al., 1996). Interestingly, Cook and Hausenblas 

(Cook and Hausenblas, 2008) showed that rather than the total activity exerted by the 

individuals, it is the motivation and the potential dependence upon exercise which 

might mediate the eating pathology. Confirmingly, the “drive” for physical activity was 

found to be strongly associated with the severity of the pathology (Sternheim et al., 

2015). In line with such findings, a therapeutic approach of AN that displays the best 

positive outcome to date with 75% remission rates at 1-year and 10% relapse rates at 

5-year follow-ups of 1428 patients, includes the restriction of physical activity in 

complement of the normalization of eating behavior pattern (Bergh et al., 2002, 2013).  

Physical activity is thus a core feature of AN which often precedes alteration in feeding 

behavior, and which mediates the maintenance and the outcome of the pathology. 

Moreover, data suggest that the high physical activity reported in AN resides at the 

motivation level (Cook and Hausenblas, 2008; Sternheim et al., 2015). This hypothesis 

is strengthened by the observations that (i) exercise is primarily performed for body 
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weight/shape reasons, and (ii) an intense feeling of guilt accompanies the 

postponement of exercise in anorexic patients (Mond and Calogero, 2008). Taken 

together, these data indicate the need to consider exercise at the motivation level, 

rather than at the consumption level (considering intrinsic exercise performance as a 

consumption of that natural reward). 

 

Anorexia nervosa & alteration of reward processing 

Anorexic patients display an increased sensitivity to rewards other than food, as 

assessed by self-report questionnaires (Glashouwer et al., 2014; Jappe et al., 2011) 

and bear difficulties to distinguish between positive and negative outcomes in a 

disease-unrelated monetary game, (Bischoff-Grethe et al., 2013; Wagner et al., 2007). 

This last observation was associated with a non-discriminative activity in the striatum 

(Bischoff-Grethe et al., 2013; Wagner et al., 2007). In addition, a D2R polymorphism 

affecting its transcription efficiency and its transcript stability was associated with AN 

diagnosis in patients as compared to controls individuals (Bergen et al., 2005), and an 

increase in striatal D2R and D3R binding was observed using positron emission 

topography (PET) in women that have recovered from AN (Frank et al., 2005). In 

contrast to disease-unrelated stimuli, such as money in the monetary game mentioned 

above, a disease-related stimulus, such as an image of under- or normal- weight 

women, evokes opposite activities in the ventral striatum of patients and healthy 

controls, the greater activity being observed at the sight of underweight individuals in 

anorexic patients (Fladung et al., 2010).  

Few studies have investigated reward-processing with specific regard to physical 

activity in anorexic patients. As mentioned earlier, standardized interviews for the 

exercise drive demonstrated that the latter was strongly associated with the clinical 

severity and was predictive of the eating pathology (Sternheim et al., 2015). In line with 

such observations, Gianini et al. (Gianini et al., 2016) investigated the motivation for 

exercise in low weight or recovered anorexic patients using a PR task wherein subjects 

had to repeatedly press a keyboard button to access either physical activity, leisure 

time, or money. Interestingly, low weight patients performed a higher PR for exercise 

than the recovered individual, thus showing a higher exercise motivation. Moreover, 

compared to healthy athletes or non-athletes, anorexic patients display an attentional 
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bias toward hyperactivity-related stimuli (Giel et al., 2013), suggesting an altered 

motivational value compared to both control groups.  

 

4.4. Motivation for physical activity – a common feature of food-related disorders? 

Even though overweight/obesity and anorexia are phenotypically at opposite 

extremities of food-related disorders, both conditions share an alteration in physical 

activity (sedentariness versus hyperactivity, respectively). Moreover, in both 

pathologies, the alteration in physical activity co-occurs with an alteration of reward 

processes linked to exercise-related stimuli.  

This indicates the crucial need for a better characterization of the neurobiological 

underpinnings of exercise motivation as to pave the way for more effective therapeutic 

approaches to tackle such debilitating conditions. 

 

4.5. Animal models of physical activity 

Animal models of physical activity have been thoroughly used in the past decades. The 

two most prominent models consist in treadmill running and wheel-running. The 

treadmill is a moving platform with a motorized conveyor belt allowing the animal to 

run on it. The advantage of such an apparatus resides in the possibility for the 

experimenter to set the running characteristics (e.g. running duration and/or speed), 

thereby allowing to investigate the impact of different intensities of exercise in rodents 

with reproducible volumes of physical activity. For example, rat treadmill running has 

allowed to reach sufficient exercise intensities as to observe an up-regulation of 

proteins bearing cardioprotective properties, such as the heat-shock protein 72 which 

are not usually observed after voluntary wheel-running (Noble et al., 1999). However, 

treadmill running is not voluntary. Indeed, forced running is accounted for by the 

avoidance of an electric grid delivering shocks. This last point raises the concern that 

stress might interfere.  Confirmingly, animal forced to exercise on a treadmill exerted 

a significant increase in circulating corticosterone after days (Brown et al., 2007) or 

weeks of running (Hayes et al., 2008), whereas voluntary runners in wheels did not 

differ from controls (Hayes et al., 2008). Although some rats do run immediately without 
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the need to dispense shocks, treadmill running should rather be considered as a 

negative reinforcer (i.e. running is a behavior aimed at avoiding a negative stimulus). 

On the other hand, wheel-running is a spontaneous and voluntary behavior in 

laboratory and wild rodents (Meijer and Robbers, 2014; Sherwin, 1998). By allowing 

the animal to choose when, how, and for how much time he wants to run, wheel-

running resembles human exercise. Moreover, the physiological consequences of 

wheel-running are similar to those measured in exercising humans (Novak et al., 2012; 

Voss et al., 2013). However, voluntary wheel-running cannot distinguish between the 

different reinforcing properties of exercise. Indeed, as mentioned earlier, motivation for 

and “consumption” of rewards are separate entities which involve distinct 

neurobiological mechanisms (Berridge, 2007; Salamone and Correa, 2012). To be 

able to distinguish between both dimensions, one must be able to quantify the amount 

of effort the animal will accept to perform as to access (or unlock in our studies) the 

running wheel.  

I discussed the rewarding properties of physical activity above. Indeed, wheel-running 

reinforces operant responding (e.g. lever pressing or nose poking) under FR, PR or 

variable ratio reinforcement schedules (Belke, 1997; Collier and Hirsch, 1971; Iversen, 

1993), as observed with other primary reinforcing stimuli. The use of operant 

conditioning paradigms allows to dissect out wheel-running reinforcing properties by 

distinguishing the motivation for exercise, as assessed by e.g. a PR task, from exercise 

“consumption”, as assessed by the running performance when the wheel is accessed.   

 

4.6. Regulators of wheel-running 

In the past decades, several regulators of wheel-running have been described, among 

which the opioid system and leptin signaling, both of which exert this role by interacting 

with the mesolimbic dopaminergic system. 

As previously mentioned, endogenous opioids are increased during exercise in 

humans and animals, thus suggesting a role for opioid system in physical activity. In 

female hamsters, a MOR antagonist, naltrexone, decreased night-time wheel-running 

(Potter et al., 1983). Moreover, in a 1-hour free wheel-running paradigm during the 

dark phase, nonfood-restricted rats injected with naloxone (another MOR antagonist) 
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displayed a dose-dependent decrease in wheel-running (Sisti and Lewis, 2001). The 

MOR agonist morphine decreased wheel-running in the first hour post-injection but 

then increased the running for the remaining 5 hours of a 6-hour free wheel-running 

paradigm (Sisti and Lewis, 2001). These observations indicate that stimulation of 

opioid receptors is necessary for wheel-running. The use of rats bred for either high- 

or low voluntary wheel-running (HVR and LVR, respectively) helped to decipher which 

could be the genetic component influencing physical activity. Interestingly, HVR rats 

displayed a higher level of MOR mRNA within the NAc (Ruegsegger et al., 2016), a 

brain region crucial for reward-processing (see above). In the same rat group, injection 

of naltrexone dose-dependently decreased wheel-running, VTA TH mRNA levels, and 

mRNA levels of fos and of the dopamine receptor 5 (a nonsignificant decrease was 

also observed for D1R and D2R; Ruegsegger et al., 2016). These results further 

suggest a modulation of dopaminergic transmission through the opioid system that 

could account for higher voluntary wheel-running. Furthermore, the CPP induced by 

wheel-running after-effects (see above) was blocked by systemic naloxone 

pretreatment (i.e. 10 minutes before the CPP test; Lett et al., 2001), indicating that in 

addition to their role in wheel-running performance, endogenous opioids bear a role in 

the hedonic after-effects of exercise. As already mentioned, the use of operant 

conditioning for wheel-running allows to isolate the appetitive dimension of running 

from its consummatory dimension. This is especially true during PR tests. Thus, 

Rasmussen et al. (Rasmussen and Hillman, 2011) used this experimental approach 

and demonstrated that injection of naloxone before the session decreases the 

consummatory running behavior, leaving unaffected the appetitive running seeking.  

This points toward a potential role for the endogenous opioid system in the 

consummatory dimension part of exercise without any role in appetitive motivation for 

running. It should be noted however that such a change in running consumption in 

naloxone-treated rats tested during a PR task was not observed in naloxone-treated 

mice (although this naloxone dose proved efficient against fasting-induced feeding; 

unpublished observations from our laboratory).  

Another endogenous regulator of exercise is leptin. Leptin is a peripheral hormone 

produced in the adipose tissue whose concentration is related to the fat mass (Maffei 

et al., 1995). Whilst fasting increases wheel-running (Pierce et al., 1986), it also 

decreases plasmatic concentrations of leptin (Ahima et al., 1996). Interestingly, the 
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effects of leptin on wheel-running depend on the nutritional status of the animal. 

Indeed, leptin decreases fasting-induced wheel-running whereas no effect was 

observed upon leptin administration in fed animals (Exner et al., 2000; Morton et al., 

2011). The use of leptin-deficient mice (ob/ob mice) helped deciphering its role in 

energy balance, and hence wheel-running. These mice display a lower level of wheel-

running as compared to wild-type (WT) mice, and leptin replacement in fed conditions 

increases wheel-running (Morton et al., 2011). In addition to its tonic control of wheel-

running, leptin decreases the motivation for sucrose in operant conditioning (Figlewicz 

et al., 2006) and increases ICSS thresholds (thus decreasing its rewarding efficacy 

(Fulton et al., 2000). Interestingly, leptin receptors are found within VTA dopaminergic 

neurons (Figlewicz et al., 2003) and leptin administration (i) increases the signaling 

(through phosphorylation) of the signal transducer and activator of transcription 3 

(STAT3) in these neurons, and (ii) decreases DA release in the NAc (Fulton et al., 

2006), thus indicating that leptin negatively modulates the mesolimbic dopaminergic 

system. Furthermore, mice lacking STAT3 signaling specifically in VTA dopaminergic 

neurons (STAT3-DAT-KO) display a higher level of wheel-running and an increased 

running-induced CPP, the latter effect being abolished by intra-VTA leptin 

administration in control mice, but not in the STAT3-DAT-KO mice (Fernandes et al., 

2015). Therefore, leptin central action negatively influences wheel-running 

performance and its rewarding after-effects, doing so through a direct action on the 

mesolimbic dopaminergic system. However, the impact of leptin on motivation for 

wheel-running has never been assessed to date. 

 

4.7. CB1 receptors & wheel-running 

In addition to opioid and leptin systems, the ECS emerges as a crucial regulator of 

exercise.  

Human studies revealed that physical exercise, i.e.  prolonged running and cycling, 

enhanced circulating AEA levels (Sparling et al., 2003), this observation extending to 

other cursorial species such as dogs and mice but not in non-cursorial animals such 

as ferrets (Fuss et al., 2015; Raichlen et al., 2012). Thus, this suggests that 

endocannabinoids might not be released in response to the mere movements exerted 

during exercise but might relate to processes involved in the regulation of such an 
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activity. Even though the site of production of AEA is not characterized and its 

circulating levels cannot account for its brain concentrations, endocannabinoids can 

readily cross the blood-brain-barrier owing to their lipidic nature and hence bear central 

effects. Voluntary wheel-running in rats modulate AEA concentration in a region-

specific manner, e.g. increased in the hippocampus, but not in the PFC, without any 

change in 2-AG (Hill et al., 2010). Moreover, AEA circulating levels measured after 

exercise positively correlate with positive affect in humans (Raichlen et al., 2012). With 

respect to the aforementioned "runner's high" feeling, it has been proposed that 

endocannabinoids might contribute to it. In keeping with the observation that CB1 

receptor stimulation triggers anxiolysis, well-being, sedation, and analgesia, it is not 

surprising that some features of the runner’s high (anxiolysis and analgesia but not 

post-exercise sedation) were found to be CB1 receptor-dependent in a mouse model 

of wheel-running, whereas post-exercise sedation was not (Fuss et al., 2015). Beside 

these observations, wheel-running was shown to increase the number of progenitor 

cells in the dentate gyrus in a CB1 receptor-dependent manner (Hill et al., 2010), a 

finding contradicted by another study (Dubreucq et al., 2010). In addition, wheel-

running specifically potentiates the cannabinoid-induced inhibition of striatal 

GABAergic synapses without affecting the glutamatergic ones (Chiara et al., 2010) 

whilst it prevents social defeat-elicited anxiety (Chiara et al., 2010). Interestingly, all 

these effects are blocked or prevented by CB1 receptor antagonism, suggesting that 

CB1 receptors are involved in the beneficial anxiolytic effects of wheel-running. The 

use of mouse lines selected for their spontaneous physical activity level (high- versus 

low runners) helped to determine whether CB1 receptors could be a determinant of 

such a behavioral trait. Keeney and colleagues (Keeney et al., 2008) investigated the 

effects of CB1 receptor blockade using rimonabant in high- versus low runners in both 

sexes. Even though rimonabant decreases wheel-running in all animals, the drug 

affects differentially (i) males and females, and (ii) high and low runners, with high 

runner females displaying the strongest reduction in wheel-running whereas no 

difference is observed in either male genotypes. This suggests that CB1 receptors 

might be a key determinant of the running performance. The use of operant 

conditioning in rats also helped deciphering which aspect(s) of wheel-running was 

dependent on CB1 receptors. Indeed, Rasmussen and colleagues (Rasmussen and 

Hillman, 2011) demonstrated that CB1 receptor antagonism impacts specifically the 

appetitive behavior linked to the wheel (i.e. the maximal effort exerted by the animal to 
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run, namely the breakpoint, and the response rate) but not its consummatory 

counterpart (i.e. wheel revolutions once the wheel was accessed). However, it should 

be noted that (i) extremely high doses of rimonabant were used, and (ii) this study used 

obese animals, thus questioning the generalization of these observations to control 

rats and mice.  

Previous works in our laboratory aimed at disentangling the role of CB1 receptors in 

wheel-running, doing so using genetic and pharmacological approaches. Wheel-

running was studied by allowing free access to the wheels in mouse home cages, this 

access being either unlimited (Dubreucq et al., 2010) or restricted to 3 h (as to get 

closer to the human situation; Dubreucq et al., 2013). These works demonstrated that 

mice bearing a lifelong deletion of CB1 receptors (CB1-KO) displayed a lower level of 

voluntary wheel-running (Dubreucq et al., 2010, 2013), and a similar phenotype was 

observed after systemic CB1 receptor blockade with rimonabant (Dubreucq et al., 

2013). Interestingly, the conditional deletion of CB1 receptors from (Cam kinase 2-

expressing) principal neurons, serotonergic neurons, cortical glutamatergic neurons, 

D1R-expressing neurons, or astrocytes did not impact wheel-running whereas a 

deletion from forebrain GABAergic neurons (GABA-CB1-KO) recapitulated the 

phenotype observed in CB1-KO animals. Moreover, rimonabant was devoid of impact 

on wheel-running in CB1-KO animals and in GABA-CB1-KO animals, indicating that 

CB1 receptors on GABAergic neurons account for the CB1 receptor-mediated control 

of voluntary wheel-running (Dubreucq et al., 2013). Importantly, this impact of CB1 

receptor was specific to wheel-running, leaving intact ambulatory locomotion, hence 

strengthening the specific link between the ECS and exercise (Dubreucq et al., 2010, 

2013). Interestingly, local administration of CB1 receptor antagonists within the VTA 

did recapitulate the phenotype observed after their systemic administration in WT 

animals whilst these proved ineffective in GABA-CB1-KO mice (Dubreucq et al., 2013). 

This work demonstrated that CB1 receptors located on VTA GABAergic terminals exert 

a permissive effect on voluntary wheel-running. In addition, electrophysiological 

recordings of VTA dopaminergic neurons in anaesthetized mice shortly after running 

indicated that acute and repeated wheel-running decreases the activity of these 

neurons in GABA-CB1-KO mice only, their WT littermates showing no change. This 

observation indicates that the permissive effect of CB1 receptors on wheel-running 

involves a modulation of the VTA dopaminergic activity. 
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In conclusion, a growing body of evidence demonstrates the crucial involvement of 

CB1 receptors in wheel-running, and previous works in our laboratory provided 

evidence for the specific involvement of CB1 receptors located on GABAergic 

terminals within VTA in the control of voluntary wheel-running. However, as indicated 

above, the appetitive and consummatory dimensions of wheel-running are 

intermingled when using free access (i.e. “no cost conditions”) to the wheel. 

Accordingly, the only means to distinguish the drive for running from running 

performance is to render the wheel access contingent to a quantifiable effort. The aim 

of the present work was thus to study the respective involvement of CB1 receptors in 

running motivation and performance, extending this aim to a choice paradigm wherein 

running is in concurrence with another reward, namely palatable feeding. 
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OBJECTIVES 

As mentioned in the Introduction, the ECS, by means of CB1 receptors, is involved in 

reward-related processes. Previous works in the laboratory demonstrated the crucial 

role of CB1 receptors located in the VTA in the tonic control of "free" wheel-running 

(i.e. in the home cages). However, free wheel-running is not suitable for the 

discrimination between wheel-running motivation and “consumption”.  The aim of the 

present work was thus to study if CB1 receptors regulate either or both of these 

components. To do so, we first aimed at developing an operant conditioning paradigm 

to allow the assessment of wheel-running motivation (Chapter 1). Once developed 

and validated, we used this paradigm in combination with pharmacological and genetic 

approaches to decipher the involvement of CB1 receptors in wheel-running motivation, 

the wheel being provided alone or in a concurrent choice with palatable food (Chapter 
2). Using our operant conditioning protocol, we next investigated whether wheel-

running motivation could be further enhanced by pharmacological (THC, prednisolone) 

or environmental (adolescent stress) means (Chapter 3). Finally, we aimed at 

describing the anatomical localization of the CB1 receptors controlling wheel-running 

motivation (Chapter 4). 

 

Chapter 1 – Development of an operant conditioning paradigm to 
study wheel-running motivation  

The first aim of the present work was to develop and validate an effort-based wheel-

running protocol. Previous studies demonstrated the possibility to maintain operant 

responding with wheel-running as a reinforcer (Belke, 1997; Iversen, 1993), but these 

mainly used rats. The first objective was thus to develop a conditioned running model 

suitable for mice as to extend its use to our CB1 receptor mutant lines. To do so, male 

C57Bl/6N mice were used. Additional experiments then aimed at validating our 

protocol by evaluating the relationships between running motivation and dopaminergic 

activity, including in the VTA.  

The results indicated that (i) our model allows to specifically measure running 

motivation (as assessed under PR schedules) and running seeking (as assessed by 

cue-induced reinstatement sessions) independently from running performance, and (ii) 
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running motivation scores in PR sessions are sensitive to D2R blockade and correlate 

with subsequent VTA dopaminergic firing rates (albeit in anesthetized animals). 

Annex 1 : Muguruza*, Redon* et al., (2019) JCI insight  

 

Chapter 2 – Role of CB1 receptors in motivation for wheel-running  

Objective 1: to assess the role of CB1 receptors through pharmacological 
means. This set of experiments used CB1 receptor (inverse or neutral) antagonists, 

namely rimonabant and O-2050, and examined their respective effects on running 

motivation. The results showed that CB1 receptors exert a tonic control of wheel-

running motivation.  

Annex 1 : Muguruza*, Redon* et al., (2019) JCI insight  

 

Objective 2: to assess the role of CB1 receptors through genetic means. 
After having verified that the removal of CB1 receptors from the whole body (CB1-KO 

mice) impacted negatively running motivation, this part of the study examined whether 

removing CB1 receptors from (i) forebrain GABAergic neurons (GABA-CB1-KO mice), 

(ii) cortical glutamatergic neurons (Glu-CB1-KO mice), (iii) Sim1-expressing neurons 

(Sim-CB1-KO mice), or (iv) serotonergic neurons (TPH2-CB1-KO mice) recapitulated 

the behavior of CB1-KO mice. Because CB1 receptors on GABAergic neurons were 

found to be necessary for wheel-running motivation, we then aimed at evaluating 

whether these receptors are also sufficient for running motivation. To do so, we 

specifically re-expressed this CB1 receptor subpopulation in mice bearing a silencing 

of CB1 receptor expression. The results indicated that CB1 receptors located on 

GABAergic neurons are both necessary and sufficient for wheel-running motivation.  

Annex 1 : Muguruza*, Redon* et al., (2019) JCI insight  

 

Objective 3: to assess whether the CB1 receptor-mediated control of 
running motivation extends to palatable feeding motivation. The above-

mentioned results raised the issue of the reward specificity of the control of running 

motivation by CB1 receptors on GABAergic neurons. We thus wondered whether this 
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receptor population also controls the motivation for another reward, namely palatable 

food, for which CB1 receptors have been shown to be essential (see “Introduction”). 

Using an operant conditioning protocol, we followed a similar experimental plan as 

described under objective 2: (i) estimation of the impact of the pharmacological 

blockade of CB1 receptors on palatable feeding, and (ii) evaluation of palatable food 

reinforcing properties in constitutive and conditional CB1 receptor mutants. The 

results, which confirmed the involvement of CB1 receptors in palatable food motivation, 

indicated that such an involvement was independent from CB1 receptors located on 

GABAergic neurons.  

Annex 1 : Muguruza*, Redon* et al., (2019) JCI insight  

 

Objective 4:  to assess whether CB1 receptors on GABAergic neurons 
control motivation for running when the latter is made concurrent with palatable 
food. Evaluating the respective drives for two rewards provided alone cannot account 

for the preference for one over the other in a concurrent choice situation (Cantin et al., 

2010). Accordingly, the first task was to develop a novel operant conditioning paradigm 

allowing the investigation of the choice between running and palatable feeding in an 

effort-based setting (Annex 2). Once validated, constitutive and conditional mutants for 

CB1 receptors were conditioned and their operant responding scores in this choice 

context were then evaluated. The results demonstrate that CB1 receptors on 

GABAergic neurons control the preference for wheel-running over palatable food. 

Annex 1: Muguruza*, Redon* et al, (2019) JCI insight  

Annex 2: Redon et al., (2019) Bioprotocol  

 

Chapter 3 – Modulation of wheel-running motivation 

Objective 1:  to evaluate the impact of acute CB1 receptor stimulation on 
wheel-running motivation. As mentioned in the Introduction, the stimulation of CB1 

receptors, e.g. by THC or through inhibition of endocannabinoid degradation, 

increases the motivation for natural rewards such as food (Barbano et al., 2009; Oleson 

et al., 2012; Solinas and Goldberg, 2005; Ward and Dykstra, 2005). We thus aimed at 

evaluating whether this observation extends to wheel-running motivation. To do so, we 
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stimulated CB1 receptors with THC or JZL184 (an inhibitor of 2-AG degradation; see 

“Introduction”) and measured their impacts on wheel-running motivation and 

performance (PR tests). The results show that stimulation of CB1 receptors affects 

none of these variables. 

Annex 3 : Hurel*, Muguruza* et al., (2021) Progress in Neuropsychopharmacology & 

Biological Psychiatry 

 

Objective 2: to evaluate whether the ergogenic impact of glucocorticoids 
is mediated by their modulation of exercise motivation. Even though the ergogenic 

(i.e. doping) impact of glucocorticoids is proposed to be mainly accounted for by their 

peripheral effects (mainly muscles), their receptors are also found in the brain. Therein, 

they have been shown to modulate reward processes. We thus wondered whether 

repeated treatment with ergogenic doses of a glucocorticoid, namely prednisolone, 

would also stimulate running motivation. The results indicate that the ergogenic effects 

of glucocorticoids might be independent from any action on motivation processes. 

Annex 4 : Redon et al., (2019) Psychoneuroendocrinology  

 

Objective 3: to evaluate the construct validity of the activity-based anorexia 
model. Activity-based anorexia (ABA), which consists in exposing mice or rats to a 

running wheel under food-restricted conditions, is a widely used animal model of AN 

(Méquinion et al., 2015; Scheurink et al., 2010). Even though AN etiology and 

neurobiology are still poorly documented, increased motivation for exercise is 

considered a core feature of the pathology (see “Introduction”). We thus evaluated in 

male and/or female mice whether the running hyperactivity observed in the ABA model 

finds its roots at the motivation level. Moreover, because childhood traumas have been 

identified as potential etiological factors for AN, we measured whether an early-life 

stress (post-weaning isolation rearing, PWIR) would stimulate running motivation at 

the expense of feeding motivation, and if so, whether this would obey gender-

dependent rules. The results demonstrated that, even though PWIR accentuated the 

ABA-induced phenotype, neither this early-life stress nor food restriction affected 

running motivation. 

Annex 5 : Hurel*, Redon* et al., (2019) Frontiers in Pharmacology  
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Chapter 4 – On-going experiments 

Objective 1: to characterize the anatomical localization of CB1 receptors 
controlling wheel-running motivation. Data gathered under Chapter 2 underline the 

prominent role of GABA-CB1 receptors in the control of wheel-running motivation. 

However, the genetic approaches which were used impede any conclusion regarding 

their anatomical location. The first set of experiments addressed the impact of a local 

infusion of a CB1 receptor antagonist in the VTA prior to a PR session of wheel-

running. The results strongly suggest that CB1 receptors located on VTA terminals 

control wheel-running motivation. Because CB1 receptors on GABAergic neurons play 

a major, if not unique, role therein, it is tempting to suggest that these receptors are 

located at the terminals of (i) intrinsic VTA GABAergic interneurons or (ii) extrinsic 

GABAergic projections impinging onto VTA dopaminergic neurons. To test the former 

hypothesis, we crossed the Dlx5/6-Cre mice (used to generate the GABA-CB1-KO 

mutants) with mice bearing a fluorescent reporter (Ai6). Even though preliminary, the 

results suggest that VTA neurons from Dlx-Ai6 mice lack expression of the reporter, 

an observation which favor the second hypothesis. I thus began to test the second 

hypothesis, doing so by deleting CB1 receptors from the lateral hypothalamus (LH) 

neurons. The preliminary results surprisingly indicate that this deletion increased 

wheel-running motivation. 

Annex 1 : Muguruza*, Redon* et al., (2019) JCI insight  

 

Objective 2: to evaluate whether VGAT (Slc32a1) is a useful promoter for 
the study of the CB1 receptor-mediated control of running motivation. As 

mentioned in the previous chapters, the genetic construct used to generate our GABA-

CB1 mutants is based on the Dlx5/6 promoter. However, this promoter is thought to be 

mainly expressed in the forebrain, but several observations suggest that it might also 

be expressed in midbrain (see Dubreucq et al., 2013). In order (i) to confirm that CB1 

receptors on GABAergic neurons control running motivation, and (ii) examine whether 

removing CB1 receptors from all GABAergic (i.e. VGAT-expressing) neurons 

decreases running motivation, we crossed VGAT-Cre mice (agouti background, Vong 

et al., 2011) with our CB1-floxed mice and observed that VGAT-CB1-KO mice behaved 

as expected with regard to running and palatable feeding motivation. The second set 
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of experiments aimed, by means of VGAT-Cre (+) and VGAT-Cre (-) mice, at ensuring 

that the decreased running motivation observed in VGAT-CB1-KO mice was not due 

to the VGAT-Cre recombinase. While no effect was observed for palatable food, 

VGAT-Cre expressing mice displayed to our surprise a decrease in wheel-running 

motivation. We thus tested another VGAT-cre expressing mouse line (C57Bl/6J 

background) in operant conditioning for wheel-running. The results demonstrated that 

this genetic construct did not alter wheel-running reinforcing properties, making it a 

suitable mouse line for our research. Accordingly, crosses between these VGAT-Cre 

expressing mice and our CB1-floxed mice are now in progress.   
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MATERIALS & METHODS 

1. Animals 

The experiments reported in this document used C57Bl/6N mice (Elevage Janvier, Le 

Genet Saint Isle, France) and constitutive/conditional mutant mice for the CB1 receptor 

with their respective WT littermates, all bred in the animal facility of the Neurocentre 

Magendie. All animals were housed - at least one week before the beginning of the 

experiments - in a room adjacent to the experimental one, with controlled temperature 

(20 ± 2°C), hygrometry (40 ± 10%) and light intensity. All animals were provided food 

and water ad libitum in their home cages, unless indicated otherwise. Excepted from 

one study (Annex 5: Hurel*, Redon* et al., (2019) Frontiers in Pharmacology), all other 

studies involved male mice aged 8-12 weeks old.  

The constitutive mutants, i.e. CB1-KO mice bearing a life-long deletion of CB1 

receptors, and their control littermates (CB1-WT) were all obtained from heterozygous 

crossings (Marsicano et al., 2002, 2003). Conditional mutants were all obtained by 

crossing (i) female mice bearing a genetic construction wherein the CB1 receptor gene 

is flanked by two loxP sites, namely CB1fl/fl (CB1-floxed) mice, with (ii) male mice 

expressing a Cre recombinase under the control of regulatory sequences of specific 

genes from the cell-type of interest. This strategy allowed to generate conditional 

mutant mice bearing specific deletions of CB1 receptors from forebrain GABAergic 

neurons (CB1fl/fl,Dlx5/6-Cre called GABA-CB1-KO), cortical glutamatergic neurons 

(CB1fl/fl,Nex-Cre, called Glu-CB1-KO; Monory et al., 2006), serotonergic neurons 

(CB1fl/fl,TPH2-CreERT2, called TPH2-CB1-KO, this deletion being inducible through 

tamoxifen administration; see below) or from neurons expressing the transcription 

factor single-minded 1 (Sim1) mainly observed in the paraventricular nucleus (PVN) 

and the supraoptic nucleus of the hypothalamus (SON; CB1fl/fl, Sim1-Cre, called Sim1-

CB1-KO; Cardinal et al., 2015; Dubreucq et al., 2012). To further investigate the role 

of CB1 receptors in GABAergic neurons, male mice expressing the Cre recombinase 

under the promoter of the VGAT under an Agouti background (Slc32a1tm2(cre)Lowl knock-

in mice obtained from Jackson laboratory #016962, referred to as VGAT-cre hereafter; 

Vong et al., 2011) were crossed with female CB1-floxed mice, as to generate VGAT-

CB1-WT and VGAT-CB1-KO (CB1fl/fl,VGAT-cre) mice. Given the phenotype observed in 

VGAT-cre mice (see “Results”), I used another mouse line wherein multiple 
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backcrossings allowed to obtain the expression of the Cre recombinase in a C57Bl/6J 

background (B6J.129S6(FVB)-Slc32a1tm2(cre)Lowl/MwarJ obtained from Jackson 

Laboratory #028862, referred to as VGAT*B6-cre hereafter). Only the influence of the 

Cre recombinase was investigated as crossings between these mice (males) and CB1-

floxed mice (females) began in November 2020. 

For the study of the consequences of a selective rescue (re-expression) of CB1 

receptors in GABAergic neurons in mice bearing a silenced CB1 receptor gene 

expression, (i) mice carrying a CB1 receptor gene silenced by the insertion of a loxP-

flanked STOP cassette in the CB1 receptor Start codon, called Stop-CB1 mice (Ruehle 

et al., 2013) were crossed with (ii) mice expressing the Dlx5/6-Cre recombinase in 

GABAergic neurons,  to obtain - through a selective removal of the Stop cassette from 

GABAergic neurons - a rescue of CB1 receptor expression only in GABAergic neurons 

(called GABA-CB1-rescue), and their control Stop-CB1 littermates.  

To characterize the pattern of expression of the Dlx5/6 promoter (used to generate our 

GABA-CB1-KO and GABA-CB1-rescue mouse lines), Dlx5/6-cre (+) mice were 

crossed with Ai6 reporter-expressing mice (Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hze obtained 

from Jackson Laboratory #007906) bearing a loxP-flanked STOP cassette preventing 

the expression of an enhanced green fluorescent protein variant (ZsGreen1). The 

resulting mouse pups (Dlx-Ai6) thus display green, fluorescent Dlx5/6-expressing 

neurons, but not elsewhere, allowing the assessment of their locations. 

The expression of the cre recombinase (and thus the deletion of CB1 receptors) was 

inducible in TPH2-CB1-KO animals: this enzyme was fused to the interacting site of 

the human estrogen receptor (ER). This modified enzyme (called CreERT2) is activated 

by one daily intraperitoneal (i.p.) injection of tamoxifen (2 mg) for 5 consecutive days 

when mice were 7-8 weeks old. The excision of CB1 receptors is obtained within 3 

weeks post-treatment. This inducible approach thus avoids any developmental impact 

of the deletion of CB1 receptors from serotonergic neurons. 

All animals were genotyped (through PCR assays by the Genotyping Platform, 

Neurocentre Magendie) at (i) post-natal day 10 and (ii) at the end of the experiments. 

All of these included both mutants and their WT littermates. 
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2. Post-weaning social isolation rearing 

To evaluate the impact of stress on (i) wheel-running motivation and performance, and 

(ii) the choice between wheel-running and palatable feeding, we used post-weaning 

social isolation rearing (PWIR), a model of early life stress which induces long-lasting 

behavioral and neurochemical effects (Fone and Porkess, 2008; Walker et al., 2019). 

Briefly, C57Bl/6N male and female mice arrived in our facility at 3 weeks of age and 

were immediately assigned to either of two groups: (i) separated, singly housed in an 

individual cage or (ii) group-housed in a collective cage (by 3). PWIR impedes social 

play and social interactions at early age, which are crucial for development. Animals 

were then kept under these housing conditions until testing in adulthood.  

 

3. Operant conditioning paradigm 

All our behavioral protocols were performed during the active phase of the animal 

cycle, thus during the dark phase of the light/dark cycle (12:12, light off at 10AM) in a 

room adjacent to the housing facility. The operant conditioning chambers (Imetronic, 

Pessac, France) were individual chambers (28 cm long x 26 cm wide x 38 cm high) 

placed in wooden cases (60 cm long x 62 cm wide x 49 cm high) ventilated to ensure 

air circulation and background noise. The rear side has a 20-cm diameter wheel 

mounted at the center, surrounded by two nose poke (NP) ports, with a brake pad on 

top of it to allow the locking/unlocking. The left panel has a food tray placed at the 

center surrounded by two NP ports. Both panels (rear and left) can be hidden using 

grey Perspex depending on the task (see below). To facilitate learning of the task and 

indicate reward availability, cue lights are associated with (i) the rewards (on top of the 

wheel and the food tray) and (ii) the active NP ports. The floor consists of a grid above 

a drawer filled with litter (same litter as the animal home cage). Each cage is connected 

to a computer through an interface to (i) set the contingency and the duration of each 

protocol and (ii) record the animal responses in each session. 

Within a given protocol, a NP can be either “active” (leading to reinforcer access) or 

“inactive” (no consequence). The left/right allocation of active/inactive NP ports was 

counterbalanced between animals. 
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3.1. Wheel-running protocol 

 

 

 

Figure 7 - Operant chamber configuration for wheel-running protocol – A wheel mounted on the 

rear side surrounded by two NP ports associated with light cues (yellow circles) that can be paired with 

another light cue (red circle) on the top of the wheel (the left panel being covered by gray Perspex). The 

floor is a metal grid placed over a litter drawer. 

 

The operant conditioning protocol for wheel-running was divided in three consecutive 

steps: (i) habituation, (ii) conditioning under fixed-ratio (FR) schedules of reinforcement 

and either (iiia) tests under a progressive ratio (PR) schedule, or (iiib) extinction 

sessions followed by a cue-induced reinstatement test (one set of experiments). Each 

mouse underwent one daily 60-min session through the protocol duration. 
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Habituation 

Mice were placed in the operant chamber with the wheel unlocked and its associated 

cue illuminated all session long as to habituate the mice to the context of the chamber, 

the wheel and the cue indicating wheel unlocking. The NP ports were covered by metal 

pieces to render them inaccessible. 

 

Conditioning 

In the conditioning phase, the metal pieces covering the NP ports were removed, 

rendering them accessible for wheel unlocking. Mice were conditioned under FR 

schedules of reinforcement wherein a fixed number of operant responses was required 

to access the wheel. Under FR1 conditions, a single active NP led to 10-second 

illumination of the active port-associated cue and 60-second wheel unlocking together 

with the illumination of its associated cue, whereas poking through the inactive port 

had no consequence. After 60 seconds, the brake applied, and the mouse was 

required to perform another active NP to unlock the wheel again. After 6 sessions 

under this schedule of reinforcement, mice were placed under FR3 conditions, 3 active 

NP being required to unlock the wheel. All animals were required to exert a 

discrimination index (number of active NP / total number of NP *100) over 75%, and a 

variation of operant responses (number of active NP/session) under 20% over the last 

two FR3 sessions to be included. 

The day after the last FR3 session, the motivation for wheel-running was assessed by 

testing mice under a linear PR schedule of reinforcement where the number of active 

NP required to unlock the wheel was incremented by 3 between each rewarded 

sequence (3, then 6, then 9… etc corresponding to a PR3 schedule of reinforcement), 

and with a 15-minute time limit between two steps.  

For the set of experiments aimed at assessing cue-induced reinstatement of wheel- 

running seeking, mice entered an extinction phase after their last FR3 session. During 

this extinction period, mice were placed once daily in the operant chambers but neither 

active/inactive NP ports nor cue lights were functional, the wheel thus remaining locked 

throughout the sessions. When stable operant responses were observed over three 

consecutive sessions (indicating the extinction of wheel-running seeking), a 
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reinstatement session was performed. Reinstatement was initiated 30 seconds after 

the session onset by illuminating the active port-associated cue light for 10 seconds. 

Following this non-contingent cue illumination, if the animal performed an active NP, 

the cue light illuminated once again for 10 seconds (FR1 condition). Then, 3 active NP 

were required for subsequent 10-second cue illumination (FR3 condition). However, 

the wheel and its associated cue remained off all the time during this session.  

 

3.2. Palatable food 

 

 

 

Figure 8 - Operant chamber configuration for palatable food - A food tray located on the left panel 

is surrounded by two NP ports associated with light cues (yellow circle) that can be paired with another 

light cue (red circle) on the top of the food tray (the rear side covered by gray Perspex). The floor is 

made of a metal grid over a litter drawer. 
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As for wheel-running, the operant conditioning protocol for palatable food consisted in 

three consecutive phases: (i) habituation, (ii) conditioning and (iii) test. Daily food 

intakes and body weights were recorded along a week before initiating a mild food 

restriction protocol. This involved a daily delivery of an amount of food calculated to 

maintain the animals at 90% of their free feeding body weights. The beginning of the 

operant conditioning protocol coincides with an effective food-restriction and stable 

body weights (90%).  This amount of food was always given in their home cage, at 

least 60-90 minutes after the completion of the daily sessions to avoid any conflict with 

the operant behavior. Before starting the experiment, mice were habituated to the 

palatable food used as reinforcer (20-mg chocolate-flavored dustless precision pellet, 

F05301, Bioserv, USA) by providing them with 5 pellets per day for the three days 

which preceded the operant protocol. As opposed to wheel-running, and to avoid 

satiety, the operant sessions lasted only 30 minutes. 

Mice were then placed in the operant chamber where the food tray-associated cue 

remained illuminated all session long, thereby signaling the availability of 17 food 

pellets dispensed in a non-contingent manner at the session onset (NP ports remaining 

covered by metal pieces). This session aimed at habituating the mice to the context of 

the chamber, the food tray, and the availability of food pellets. 

The conditioning followed the same scheme as the wheel-running protocol. After a 

single active NP in the FR1 condition (NP ports being uncovered from their metal 

pieces), the active port-associated cue illuminated and a food pellet was dispensed in 

the food tray hence initiating a 15-second timeout period during which active NP 

remained inefficient (no pellet delivered, but NP were counted). Mice were then 

conditioned under FR3 schedules, i.e. 3 active NP were required to obtain one food 

pellet. To allow the comparison with the wheel-running protocol, 6 FR3 sessions 

followed 6 FR1 sessions. The same criteria of inclusion were used: discrimination index 

over 75%, and operant response variations below 20% on the last two sessions. 

The day after the last FR3 session, mice were tested under a PR3 schedule of 

reinforcement as described for wheel-running. However, no time limit was set in 

keeping with the short duration of the session. 
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3.3. Choice between wheel-running and palatable food  

 

 

 

Figure 9 - Operant chamber configuration for the choice between wheel-running and palatable 
food – The access to both rewards is allowed through the removal of the Perspex panels used in the 

two previous configurations. Thus, mice have access to the feeder and its respective NP ports on the 

left panel, or to the wheel and its respective NP ports on the rear side. The floor is made of a metal grid 

over a litter drawer. 

 
 

The operant conditioning protocol for the choice between wheel-running and palatable 

food is described with experimental and technical details in a publication provided in 

Annex 2 (Redon et al., (2019) Bioprotocol). Briefly, the protocol consisted in two 

consecutive steps: (i) conditioning for wheel-running and palatable food presented 
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separately, followed by (ii) choice sessions, both rewards being presented 

simultaneously to the animal. 

 

For the first step, mice were placed in operant chambers for two consecutive 30-minute 

sessions per day, one for wheel-running the other for palatable food, the order of which 

was counterbalanced between days to avoid the influence of one reward over the 

other. The sessions occurred under FR1 conditions for 5 sessions, before moving to 

FR3 conditions for 5 more sessions. However, the rewarded sequences (reward 

receipt) were slightly different as compared to individual protocols described above: 

the performance of a single (FR1 condition) or 3 consecutive (FR3 condition) active 

NP triggered a simultaneous illumination of (i) the active port-associated cue for 5 

seconds, together with (ii) wheel- or food tray- associated cue for 20 seconds or 15 

seconds, respectively. The same criteria of inclusion were used: discrimination index 

over 75%, and operant responses variation below 20% on the last two sessions. 

For the next step, mice were given the opportunity to work for either reward (wheel or 

palatable food) in 1-hour daily sessions. The grey Perspex panels were removed to 

render the wheel, the food tray, and their associated NP ports accessible for choice 

sessions. The sessions occurred under FR3 conditions (detailed in Figure 10). The 

performance of 3 active NP initiated a rewarded sequence: wheel unlocking or 1 pellet 

dispensed, and illumination of the active port- and reward-associated cues. However, 

the choice was mutually exclusive, meaning that choosing one reward rendered the 

other inaccessible for a given time (the timeout period). This was indicated to the mice 

by illuminating a green ceiling light for an additional 5-second period at the end of the 

rewarded sequence, whichever reward was chosen. After 5 sessions under these 

experimental conditions (which were sufficient to stabilize operant responses), mice 

were mildly food restricted, as previously described to maintain them at 90% of their 

free-feeding body weights, for 2-5 additional sessions. 
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Figure 10 - Logigram of the choice between wheel-running and palatable food. Nose poking gives 

access to one reward, but the choice is mutually exclusive, i.e. choosing one reward excludes the 

possibility to obtain the other reward for a given time period (from Annex 2: Redon et al., (2019) 

Bioprotocol). 

 

3.4. Behavioral readouts 

The following readouts were computed and analyzed: 

• operant responses: active/inactive NP 

• running performances: assessed through two indices  

o Running duration per sequence: mean time spent running at each wheel 

access in a given session  

o Running distance per sequence: mean distance ran at each wheel 

access in a given session 

• Pellet consumption: percentage of the number of pellets consumed over the 

number of pellets earned 

• Preference ratio: ratio of the number of operant responses for wheel-running 

over the total operant responses in each choice session, expressed as a 

percentage. Ratios above and below 50% indicate a preference for wheel-

running and palatable food, respectively. 
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4. Local intra-VTA drug infusion 

4.1. Surgery 

To locally block CB1 receptors within the VTA, C57Bl/6N were implanted with bilateral 

canulae. Mice were thus anesthetized by an i.p. injection of a mixture of 

ketamine/xylazine, shaved, and locally disinfected before being placed in a stereotaxic 

frame (David Kopf Instruments), the head being maintained with atraumatic maxillary 

bars. After craniotomy, bilateral 2.7-mm stainless canulae were implanted above the 

VTA using the following coordinates: anteroposterior: –3.0 mm; lateral: ± 0.5 mm; 

dorsoventral: –4.7mm (Franklin and Paxinos, 2013). After being lowered to these 

coordinates, canulae were secured with dental cement. At the end of the surgery, the 

animal was placed in a ventilated cage maintained at 28°C. When normal locomotion 

and feeding were observed, the animal was placed back in its home cage and 

monitored for a week post-surgery during which analgesics were administered and the 

body weight recorded to ensure full recovery. 

 

4.2. Drug infusion 

The CB1 receptor antagonist AM251 was infused before the PR test for wheel-running 

motivation estimates. AM251 (1 µg/side) or its vehicle were bilaterally infused, using 

4.7-mm-long injectors connected through polyethylene tubing to a Hamilton syringe 

(10-µl volumes), at a rate of 250 nl/min for 2 minutes. The injectors were left in place 

for 1 minute to allow diffusion within the tissue and avoid capillarity during their 

removal. After the infusion, mice were returned to their home cages for 15-20 minutes 

before entering the operant chambers for the tests. 

 

4.3. Analysis of canulae placements 

At the end of the experiment, mice were bilaterally injected with Sky Blue through the 

canulae before being sacrificed. Brains were rapidly removed, frozen on dry ice, and 

stored at -80°C before being sliced (40 µm-width) using a cryostat. A Neutral Red 

staining was then performed before slices were visualized under an Olympus SZX10 

stereomicroscope (Olympus) to assess canulae placements. 
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5. Local deletion of CB1 receptors in the lateral hypothalamus (LH)  

5.1. Animals and viruses  

To delete CB1 receptors from LH neurons, a viral construct bearing a coding sequence 

for the Cre recombinase was injected in 8-week-old CB1-floxed mice. The viruses were 

(i) an AAV-CAG-CRE-GFP allowing the expression of the Cre recombinase in infected 

neurons, and (ii) a control virus (AAV-CAG-GFP), both being tagged with a green 

fluorescent protein (GFP) to enable the post-hoc assessment of the sites of injections 

and viral infections. 

 

5.2. Surgery 

Adult mice were anesthetized with isoflurane 5% (v/v in oxygen) before being shaved, 

locally disinfected, and placed on the stereotaxic frame (David Kopf Instruments), the 

head being maintained by atraumatic maxillary bars. The anesthesia was maintained 

with a mask continuously diffusing 1-2% isoflurane during all the surgery process. 

Before incision, saline was injected subcutaneously to avoid any dehydration during 

anesthesia, and lidocaine was applied at the incision site. After craniotomy, a glass 

pipette containing the virus was lowered to the following coordinates: anteroposterior: 

-1.55 mm, mediolateral: ±1.10 mm and dorsoventral: -5.2 mm to target the anterior LH 

(Franklin and Paxinos, 2013). Using the Nanojet pump system, 40 nL of virus were 

infused bilaterally at 1 nl/second. The glass pipette was maintained for 5 minutes after 

the end of the injection process to allow the diffusion of the volume injected into the 

tissue and avoid capillarity. At the end of the surgery, the animal was placed in a 

ventilated cage maintained at 28°C. When normal locomotion and feeding were 

observed, the animal was placed back in its home cage and monitored for a week post-

surgery, a period during which analgesics were administered and the body weight 

recorded to ensure full recovery. 

 

5.3. Analysis of the injection sites and viral expression 

After the experiment, all mice were sacrificed and transcardially perfused with 

paraformaldehyde to fix tissues. After the extractions, brains were frozen in isopentane 

solution and sliced (30-µm width) with a cryostat. Digoxigenin (DIG)-labeled riboprobes 
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against mouse CB1 receptor RNA transcripts were prepared as previously described 

(Marsicano and Lutz, 1999). Anti-DIG antibodies conjugated to horseradish peroxidase 

(HRP; Roche; 1:2000) were applied 2 hours at room temperature. The signal for CB1 

receptor hybridization was revealed by a Tyramide Signal Amplification (TSA) reaction 

using Cyanine 3-labeled tyramide (Perkin Elmer; 1:80 for 12 minutes). Then, the slices 

were incubated overnight at 4°C with a rabbit polyclonal antibody against GFP (1:1000; 

Fisher Scientific). After several washes, slices were incubated for 2 hours with a 

secondary anti-rabbit antibody conjugated to Alexa Fluor 488 (1:500; Fisher Scientific). 

Finally, free-floating sections were incubated in 4’,6-diamidino-2-phenylindole (DAPI; 

1:20 000; Fisher Scientific) to visualize cell nuclei and were then washed, mounted, 

cover-slipped and imaged with an epifluorescence Leica DM6000 microscope (Leica, 

Germany). 

 

6. Drugs 

Haloperidol, tamoxifen and hemisuccinate prednisolone were obtained from Sigma 

(France), rimonabant (SR141716A) from Interchim (France), and 0-2050 and AM251 

from Tocris (England). All the drugs used in the present work were prepared 

extemporaneously before their use, except for tamoxifen and prednisolone which were 

made fresh every 2-3 days. Haloperidol (0.15 and 0.3 mg/kg injected i.p. 30 minutes 

beforehand) was dissolved in 0.9% of NaCl; rimonabant (3 mg/kg injected i.p 30 

minutes beforehand) and 0-2050 (0.5 mg/kg injected i.p. 30 minutes beforehand) or 

their vehicles (DMSO at a final concentration of 1.25% in a drop of Tween 80 and 0.9% 

NaCl injected 30 minutes beforehand). For local infusions, AM251 (1 µg/side) or its 

vehicle (DMSO, final concentration 10%) were diluted in cremophore (final 

concentration 10%) and then in 0.9% NaCl, before being administered 20-30 minutes 

beforehand. Prednisolone was added to drinking water to reach final concentrations of 

5 and 15 µg/ml in the bottles. Finally, tamoxifen (2 mg i.p.) was dissolved in 10% 

absolute ethanol and 90% sesame oil. 
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7. Statistics 

Statistical analyses were performed with GB-Stat software (version 10; Dynamic 

Microsystems Inc., Silver Spring) and GraphPad Prism (version 8, GraphPad, San 

Diego), with P values less than 0.05 being considered significant. Genotype or 

treatment differences in operant responses, running durations per sequence, running 

distances per sequence and pellet consumptions during conditioning (FR1 and FR3 

schedules), and free wheel-running were all assessed by 2-way analyses of variance 

(ANOVA) with a repeated design (time). Note that for Stop-CB1 and GABA-CB1-

rescue mice a repeated design could not be applied as some mice did not run during 

several sessions (see “Results”). Homogeneity of the variances was achieved by prior 

logarithmic transformation of the data, if necessary. Post-hoc group comparisons 

(Tukey’s test) were performed only if the genotype/treatment x time interactions were 

found significant. Two-group (genotype or treatment) comparisons of the PR data were 

achieved by means of 2-tailed Student’s t tests. For the choice sessions, the 

preference ratios were compared with non-preference (50 % preference for wheel-

running) by 1-tailed Student’s t tests.  
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RESULTS 

Chapter 1 – Development of an operant conditioning paradigm to study wheel-
running motivation  

Annex 1 : Muguruza*, Redon* et al., (2019) JCI insight  

The first objective of our experimental work consisted in the development and the 

validation of an operant conditioning task for wheel-running in mice that would have 

allowed pharmacogenetic investigations on its reinforcing properties. This goal first 

required to assess whether wheel-running could reinforce NP responding under FR 

and PR schedules of reinforcement (detailed in “Materials & Methods”) and, if so, its 

potential modulation by dopaminergic transmission (see “Introduction”). Second, we 

aimed at evaluating whether wheel-running was reinforcing enough as to observe a 

cue-induced reinstatement of running seeking after an extinction period (Shaham et 

al., 2003). Through a collaboration with Dr François Georges and Dr Giulia Fois (CNRS 

UMR 5287, Bordeaux), we next measured whether running motivation and running 

performance, as assessed during a PR session, are respectively associated (or not) 

with changes on the activity of VTA dopaminergic neurons (albeit in anaesthetized 

mice).  

Early studies showed that wheel-running reinforces operant responses under FR or 

variable ratio (VR) reinforcement schedules (Belke, 1997; Iversen, 1993). However, 

these studies were mostly performed in rats, questioning their transferability to mice, 

our privileged animal model for the study of the ECS. We first showed that standard 

(i.e. C57Bl/6N) mice exert strong operant responses under FR and PR reinforcement 

schedules, demonstrating the high reinforcing properties of wheel-running in rodents. 

Pretreatment with either of two non-cataleptic doses of D2R antagonist haloperidol 

(0.15 and 0.3 mg/kg) decreased in a dose-dependent manner the numbers of NP (and 

the breakpoint) performed during a PR session. Interestingly, the running durations per 

sequence remained unaffected by haloperidol, confirming that reward consumption, as 

opposed to reward motivation, is independent from mesocorticolimbic dopaminergic 

activity (Salamone and Correa, 2012). 

As indicated above, we next focused on wheel-running seeking after an extinction 

period. Seeking a reward after either extinction or abstinence, a hallmark of numerous 
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natural and drug reinforcers, is thought to model human craving (Shaham et al., 2003). 

As opposed to abstinence wherein the subjects are not confronted to reward-

associated contexts, extinction corresponds to a reversal learning during which the 

operant response is no longer reinforced, thus progressively extinguishing reinforcer 

seeking. In our experiment, mice performed NP (in the formerly active port) during the 

first extinction session, doing so at a significantly higher level than that measured in 

the last FR sessions (fitting with the extinction “burst” commonly observed). However, 

this behavior rapidly weakened to reach stable close-to-zero NP scores after 8-10 

sessions. Thereafter, exposure to the cue triggered reinstatement of wheel-running 

seeking although the wheel remained locked all session long.  

In order to further characterize our conditioned running paradigm, we aimed at 

evaluating the relationships between running motivation on the one hand, and running 

performance on the other hand, and VTA dopaminergic activity. To this end, three 

experimental mouse groups were designed (for details see “Materials & Methods”): (i) 

“operant” mice, whose wheel-running access was rendered contingent to operant 

responses; (ii) “yoked” mice, which had access to the unlocked wheel only when an 

“operant” congener (in an adjacent chamber) unlocked its own wheel, and (iii) “control” 

mice, which were transferred to an "inactive" operant chamber for a similar number of 

sessions as the two preceding groups. In vivo electrophysiological recordings of VTA 

dopaminergic neurons were performed in mice anaesthetized 2 h after the end of PR 

sessions. Recordings from operant mice showed a significant positive correlation 

between (i) the number of NP performed during the PR sessions and (ii) the firing rates 

of VTA dopaminergic neurons. Conversely, recordings in yoked mice did not yield any 

correlation between running duration and the firing rates of dopaminergic neurons. 

Thus, VTA dopaminergic activity was positively correlated to wheel-running seeking 

but not to wheel-running duration (i.e. running performance), reflecting the 

discrimination between running motivation and performance at the neuronal level. 
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Chapter 2 – Role of CB1 receptors in motivation for wheel-running  

Past studies from the laboratory have indicated that CB1 receptors located on VTA 

GABAergic nerve terminals exert a tonic control on "free" wheel-running in mice 

housed with running wheels (Dubreucq et al., 2013). Whether such an observation is 

accounted for by a selective CB1 receptor-dependent control of running motivation is 

a question we wished to answer by means of an appropriate paradigm. Having 

developed such a paradigm, we then investigated through pharmacological and 

genetic means the role of the ECS in wheel-running motivation. 

 

Objective 1 – Pharmacological findings  

Annex 1: Muguruza*, Redon* et al., (2019) JCI insight 

In a first series of experiments, we investigated the impact of a pretreatment (30 

minutes beforehand) with a selective CB1 receptor antagonist, namely rimonabant, on 

NP performance during a PR session. The results brought evidence that CB1 receptors 

control running motivation but not running performance (as assessed by the running 

duration per rewarded sequence). The results were not accounted for by the inverse 

agonist properties of rimonabant because pretreatment with O-2050, a neutral CB1 

receptor antagonist, provided similar results to those measured with the former 

antagonist. 

The finding that CB1 receptors control running motivation, but not intrinsic running 

performance, confirms the suggestion based on in vivo electrophysiological recordings 

that these are two independent reward dimensions. 

 

 Objective 2 – Genetic findings  

Annex 1: Muguruza*, Redon* et al., (2019) JCI insight 

In this second set of experiments, we aimed at (i) confirming through genetics the 

above pharmacological findings, and (ii) investigating which CB1 receptor 

subpopulation(s) control(s) wheel-running motivation. 

 



RESULTS     Chapter 2 – Role of CB1 receptors in motivation for wheel-running 

106 
 

Effects of the constitutive deletion of CB1 receptors 

We first evaluated the effects of a constitutive deletion of CB1 receptors (i.e. CB1-KO 

mice) on wheel-running reinforcing properties. Interestingly, a decreased level of 

response was already observed during the conditioning phase under FR schedules, 

even though mice still displayed learning and operant responses that met our criteria 

of inclusion. However, the mutants’ wheel-running performances, as assessed by the 

mean running duration per sequence, was indistinguishable from those reached by 

their wild-type (CB1-WT) littermates. These results extended to the PR reinforcement 

schedule, with a striking decrease in wheel-running motivation (79 ± 11% reduction in 

the number of NP) as compared to CB1-WT mice. Again, the two genotypes did not 

differ with respect to the running duration per rewarded sequence.  

Taken together, these genetic findings confirmed the above-mentioned 

pharmacological observations, i.e.  CB1 receptors control running motivation but not 

running performance under conditioned settings. However, the global approaches 

used so far (i.p. injections and constitutive genetic deletions) did not allow us to 

determine through which means CB1 receptors exert their control over motivation for 

wheel-running. Our first quest was to determine the identity of the cell hosting the CB1 

receptor populations involved in this control. To address this issue, we took advantage 

of our conditional mutant mouse lines bearing genetic deletions of CB1 receptors in 

specific neuronal populations (e.g. GABAergic, glutamatergic…etc). 

 

The conditional deletion of CB1 receptors in GABAergic neurons decreases 
wheel-running motivation  

In keeping with the prime importance of CB1 receptors located on VTA GABAergic 

terminals in voluntary wheel-running performance (Dubreucq et al., 2013), we first 

investigated if this role was accounted for by a control of wheel-running motivation. To 

do so, we used the Dlx5/6-CB1 line wherein littermates are deleted for their CB1 

receptors on GABAergic neurons (called from now on GABA-CB1-KO mice for the 

sake of clarity) or not (GABA-CB1-WT mice). Interestingly, during conditioning, GABA-

CB1-KO mice displayed decreased levels of operant responses, as compared to their 

GABA-CB1-WT littermates; on the other hand, the running duration per rewarded 

sequence remained unaffected by the mutation. As for the differences between CB1-
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KO and CB1-WT mice, these decreases in operant responses under FR schedules 

extended to PR schedules, with GABA-CB1-KO mice displaying an important decrease 

in maximal responding rates (57 ± 9% reduction) even though their running duration 

per sequence did not differ from that of GABA-CB1-WT mice.  

This experiment suggested that CB1 receptors located on GABAergic neurons are 

necessary for wheel-running motivation. This suggestion opened the possibility that 

these receptors might also be sufficient for running motivation. To address this issue, 

we then used another genetic approach based on a selective re-expression of CB1 

receptors in GABAergic neurons in mice devoid of CB1 receptor expression (for details 

see “Materials & Methods”), hereafter called GABA-CB1-rescue mutant mice. During 

conditioning, mice devoid of CB1 receptor expression (hereafter called Stop-CB1 mice) 

- through insertion of Stop cassettes which flank the CB1 receptor gene - displayed (as 

expected) a low level of responding under FR reinforcement schedules which was 

comparable to that of CB1-KO mice. However, rescuing CB1 receptors in GABAergic 

neurons in Stop-CB1 mice was sufficient to substantially increase NP responses. Even 

though a 2-way ANOVA revealed a significant genotype effect on the running duration 

per sequence, this effect was accounted for by the first sessions when Stop-CB1 mice 

were responding at a close-to-zero level, a phenotype which was no longer observable 

at the end of the conditioning when mice met our inclusion criteria (in accordance with 

our observations in CB1-KO mice). Of note was the final observation that the GABA-

CB1 re-expression significantly increased the maximal responding under a PR 

schedule, as compared to Stop-CB1 mice, doing so without affecting running 

performances (albeit the low number of successful Stop-CB1 mice impedes definitive 

conclusions).  

This set of experiment demonstrated that (i) CB1 receptor deletion in GABAergic 

neurons negatively impacts wheel-running motivation without affecting (conditioned) 

running performance, and (ii) the selective re-expression of this subset of receptors (in 

mice lacking CB1 receptor expression) is sufficient to restore the motivation for this 

reinforcer. We thus concluded that CB1 receptors located on GABAergic neurons are 

both necessary and sufficient for wheel-running motivation but not performance.  
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The Dlx5/6-Cre recombinase: a control for the genetic construct of the GABA-
CB1 mouse line 

As indicated in “Materials & Methods”, the GABA-CB1 line results from the crossings 

between (i) CB1-floxed females and (ii) males harboring a Cre recombinase under the 

control of Dlx5/6 promoters (Bellocchio et al., 2010; Dubreucq et al., 2013; Monory et 

al., 2006) thought to be specific for forebrain GABAergic neurons (but see Dubreucq 

et al., 2013 for the possibility that such a specificity extends to midbrain GABAergic 

neurons). To ensure that the above-mentioned decrease in running motivation in 

GABA-CB1-KO mice was due to CB1 receptor deletion and not to the presence of the 

Dlx5/6-Cre recombinase, mice harboring (Dlx-cre (+)) or not (Dlx-cre (-)) that Cre 

recombinase (abbreviated Dlx-cre) were both tested in our operant conditioning 

protocol (n=9/genotype; Figure 11). A similar approach was previously used under free 

wheel-running conditions, demonstrating that the Dlx5/6-Cre recombinase lacked 

intrinsic influence (Dubreucq et al., 2013). Here, mice were conditioned, as previously 

described, under FR1 and FR3 schedules of reinforcement. All animals learned how 

to perform the operant responses in a comparable manner, and no genotype difference 

appeared throughout these sessions (2-way ANOVA, F(1,16) = 0.2203; p = NS; Figure 

11A). Further, Dlx-cre (+) did not differ from their WT littermates when tested under a 

PR schedule of reinforcement (t-test, t = 0.7628, df = 16, p = NS; Figure 11B). In 

addition, to ensure that the genetic construct would not alter wheel-running 

performances along the protocol, running durations and distances per sequences were 

assessed. Extending the above-mentioned observations under free wheel-running 

conditions (Dubreucq et al., 2013), no difference was observed between Dlx-cre (+) 

and Dlx-cre (-) during FR schedules, whether running durations per sequence (2-way 

ANOVA, F(1,16) = 0.7350; p = NS; Figure 11C) or  running distances per sequence 

(2-way ANOVA, F(1,16) = 0.1352; p = NS; Figure 11D) were concerned. These 

observations extended respectively (t-tests, t = 0.1382, df = 16, p = NS and t = 0.3802, 

df = 16, p = NS) to the performances measured during the PR session (Figure 11E). 

These data strengthen our initial suggestion that it is the absence of CB1 receptors in 

GABAergic neurons which weakens wheel-running motivation. 
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Figure 11 - Wheel-running reinforcing properties were not altered in mice expressing the Cre 
recombinase under the Dlx5/6 promoter. Number of NP under (A) FR and (B) PR schedules were 

not different between Dlx-cre (+) (n = 9) and their Dlx-cre (-) littermates (n = 9). Wheel-running 

performances, as assessed through (C) running durations and (D) running distances per sequence did 

not show difference between genotypes, a trend also observed under (E) PR schedules. Data represent 

mean ± SEM. 
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Conditional deletion of CB1 receptors on glutamatergic neurons: involvement in 
wheel-running performances 

Previous studies demonstrated opposite functional consequences of CB1 receptor 

deletions in GABAergic versus glutamatergic neurons (Bellocchio et al., 2010; Martín-

García et al., 2016). Thus, we extended our investigation to the impact of CB1 receptor 

deletion in cortical glutamatergic neurons (Glu-CB1-KO mice, as opposed to Glu-CB1-

WT mice) on wheel-running motivation. In contrast to GABA-CB1-KO mice, Glu-CB1-

KO mice performed as well as their WT littermates regarding the numbers of NP under 

FR and PR reinforcement schedules. On the other hand, these mutants displayed a 

significant increase in the running duration per rewarded sequence during the last FR 

sessions, a finding which extended to the PR session.  

It was concluded that CB1 receptors located on cortical glutamatergic neurons are not 

involved in the control of wheel-running motivation. On the other hand, this subset of 

receptors bears a role in wheel-running performance. This role is however limited to 

conditioned running conditions because Glu-CB1-KO mice do not differ from their WT 

littermates under free wheel-running conditions (Dubreucq et al., 2013). 

 

Conditional deletion of CB1 receptors in Sim1-positive neurons  

The hypothalamus is of prime importance for the regulation of energy balance, a 

function accounted for by its ability to integrate a variety of internal and external signals 

(Morton et al., 2006). Interestingly, hypothalamic CB1 receptors are particularly 

involved in this regulation. Indeed, removal of these receptors from this brain area 

leads to a resistance to weight gain accompanied by an increased energy expenditure 

without changes in total food intake (Cardinal et al., 2012). Interestingly, these 

phenotypes were also observed in Sim1-CB1-KO mice, mice in which CB1 receptors 

are deleted from Sim1-positive neurons, meaning virtually all neurons from the 

paraventricular nucleus of the hypothalamus (PVN; Cardinal et al., 2015). The 

observation that Sim-CB1-KO mice display increased energy expenditure compared 

to their WT littermates led us to investigate whether the reinforcing value of wheel-

running is altered in these mutants (FR sessions) so that they would display increased 

motivation for wheel-running (PR sessions). To test this hypothesis, we exposed the 

Sim1-CB1 mouse line to our operant conditioning protocol (Sim-CB1-WT: n = 9; Sim-
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CB1-KO: n = 6). The deletion of CB1 receptors did not affect either the learning or the 

operant responses during the conditioning phase under FR schedules (2-way ANOVA: 

F(1,13) = 0.2210; p = NS; Figure 12). This lack of influence extended to wheel-running 

performances, whether the running duration per sequence (2-way ANOVA: F(1,13) = 

0.1278; p = NS; Figure 12B) or the running distance per sequence (2-way ANOVA: 

F(1,13) = 0.2409; p = NS; Figure 12C) were concerned. 

 

 

Figure 12 - The deletion of CB1 receptors from Sim1-positive neurons did not alter wheel-running 
reinforcing properties under FR schedules. (A) Number of NP under FR schedules were similar for 

both Sim1-CB1-KO (n = 6) and their WT littermates (n = 9). (B, C) Performance of wheel-running 

assessed through (B) running duration and (C) running distance per sequence. Data represent mean ± 

SEM. 

 

Similar observations were made under the PR schedule of reinforcement. Thus, Sim1-

CB1-KO mice did not display significant differences in the number of NP performed (t-
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test: t = 0.2790, df = 13, p = NS; Figure 13A left) or in the breakpoint reached (t-test: t 

= 0.1797, df = 13, p = NS; Figure 13A right) as compared to their Sim1-CB1-WT 

littermates. As observed during the conditioning, wheel-running performances were 

genotype-insensitive (t-tests, running duration per sequence: t = 0.8039, df = 13, p = 

NS; Figure 13B left, and running distance per sequence: t = 0.9234, df = 13, p = NS; 

Figure 13B right).  

Taken together, these results suggest that CB1 receptors in Sim1-positive neurons do 

not control wheel-running motivation or performance.  

 
Figure 13 - The deletion of CB1 receptors from Sim1-positive neurons altered neither running 
motivation nor running performance. (A) Operant responding of Sim-CB1 mice under PR schedule 

expressed as (left) numbers of NP and (right) breakpoints. (B) Running performances of Sim-CB1 mice 

under PR schedule, as assessed through (left) running duration and (right) running distance per 

sequence. Data represent mean ± SEM. 

 

Conditional deletion of CB1 receptors on TPH2-positive neurons 

In keeping with the role of serotonergic transmission in reward-related processes 

(Fischer and Ullsperger, 2017; Liu et al., 2014), and especially the involvement of 

serotonergic projections from dorsal raphe nucleus (DRN) onto VTA dopaminergic 

neurons (Li et al., 2016; Wang et al., 2019), we investigated the effects of the CB1 

receptor deletion from serotonergic neurons on wheel-running reinforcing properties 

and motivation. To this end, we used a TPH2-CreERT2-CB1 mouse line (Dubreucq et 

al., 2013), in which CB1 receptors are deleted (TPH2-CB1-KO, n = 23) or not (TPH2-

CB1-WT, n = 19) from neurons expressing the rate-limiting enzyme in serotonin 

synthesis, namely tryptophane hydroxylase 2 (TPH2). As opposed to the other lines 
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tested during the Thesis, the genetic construct of this line allows the post-

developmental deletion of CB1 receptors through tamoxifen treatment. The animals 

entered our operant conditioning protocol 3 weeks after the induction treatment (for 

details see “Materials & Methods”) to ensure that CB1 receptors were deleted all along 

the protocol. As it can be observed in Figure 14, TPH2-CB1-KO did not significantly 

differ from their WT littermates (2-way ANOVA: F(1,40) = 1.328, p = NS; Figure 14A) 

even though a tendency for a lower level of response could be noted under FR3 

schedules (see “Discussion”). Regarding performances during conditioning, even 

though TPH2-CB1-KO performed an increased running distance during the first 

sessions, both running durations per sequence (2-way ANOVA: F(1,40) = 0.1151; p = 

NS; Figure 14B) and distances per sequence (2-way ANOVA: F(1,40) = 0.9311, p = 

NS; Figure 14C) were similar between genotypes.  
 

 

Figure 14 - The deletion of CB1 receptors from TPH2-expressing neurons did not affect wheel-
running under FR schedules. (A) Number of NP performed under FR schedules were similar between 

TPH2-CB1-KO mice (n = 23) and their WT littermates (n = 19). (B,C) Wheel-running performances, as 

assessed by (B) the running duration per sequence and (C) the running distance per sequence were 

similar between genotypes. Data represent mean ± SEM. 
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Under a PR schedule of reinforcement, we observed a tendency for a decrease in the 

maximal responding in TPH2-CB1-KO mice, although not significant (t-tests: t = 1.825, 

df = 40, p = NS for the number of NP, and t = 1.687, df = 40, p = NS for the breakpoint; 

Figure 15A). Interestingly, the observation of this last panel suggests the presence of 

two populations of TPH2-CB1-KO mice during this session even though CB1 receptor 

deletion was ascertained in all animals afterwards (see “Discussion”). Besides, TPH2-

CB1-KO displayed lower running durations per sequence (t-test:  t = 2.234, df = 40, p 

= 0.0311) and running distances per sequence (t-test:  t = 2.696, df = 40, p = 0.0102) 

than their TPH2-CB1-WT littermates during the PR session (Figure 15B).  

 

Figure 15 - Effects of CB1 receptor deletion from TPH2-positive neurons on wheel-running under 
PR schedule. (A) Operant responses, expressed as (left) number of NP and (right) breakpoint, revealed 

two populations in the TPH2-CB1-KO group and an overall nonsignificant decreased operant response 

versus their WT. (B) Wheel-running performances were negatively affected in TPH2-CB1-KO as 

assessed by a decreased (left) running duration- and (right) distance- per sequence. Data represent 

mean ± SEM. *p<0.05 for 2-group comparisons by Student’s t-test. 

 

No firm conclusion can be drawn regarding the potential influence of CB1 receptors on 

TPH2-expressing neurons on wheel-running motivation. Indeed, when compared to 

their TPH2-CB1-WT littermates, TPH2-CB1-KO mice tended to display a lower level of 

responding during both the conditioning and the PR sessions. However, two 

populations were observed in TPH2-CB1-KO mice exposed to a PR reinforcement 

schedule, questioning the origin of such a subdivision (see “Discussion”). In contrast, 

wheel-running performances were homogeneously decreased in TPH2-CB1-KO.  
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Conclusions raised by the genetic findings: 

Using genetic approaches, we demonstrated that CB1 receptors located on forebrain 
GABAergic neurons are necessary and sufficient for wheel-running motivation 

whereas CB1 receptors located on cortical glutamatergic neurons are involved in 

wheel-running performances. In contrast, CB1 receptors located on Sim1-positive 
neurons are dispensable for wheel-running motivation and performances. Finally, CB1 

receptors located on serotonergic neurons bear a role in wheel-running performance.  

 

 

Objective 3 – Specificity of the role of the endocannabinoid system in wheel-

running motivation: comparison with palatable food motivation  

Annex 1: Muguruza*, Redon* et al., (2019) JCI insight) 

In this section, we aimed at evaluating whether the role of CB1 receptors on wheel-

running motivation could extend to the motivation for another natural reward, namely 

palatable food. Indeed, it has been shown that CB1 receptors control feeding, with 

different receptor subsets exerting opposite effects (Bellocchio et al., 2010). After 

having developed an operant conditioning protocol for the study of palatable food 

motivation in food-restricted mice (see “Materials & Methods”), we went through 

pharmacological and genetic approaches to further delineate the role of different CB1 

receptor populations, as performed for wheel-running motivation.  

 

Pharmacological findings 

As we did for wheel-running, the first approach consisted in the acute blockade of CB1 

receptors before the PR session in trained C57Bl/6N mice. We thus injected 

rimonabant according to conditions (3 mg/kg i.p., 30 minutes beforehand) shown to be 

effective against running motivation. As already described in the literature, this 

pretreatment decreased the maximal number of NP performed for palatable food under 

a PR schedule of reinforcement (54 ± 7%), confirming that CB1 receptors are involved 

in the regulation of motivation for palatable food, including in our experimental setting. 
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Constitutive deletion of CB1 receptors  

To further confirm this observation, we used mice bearing a constitutive deletion of 

CB1 receptors. As observed for wheel-running motivation, CB1-KO animals displayed 

decreased levels of operant responses for palatable food under FR and PR schedules 

of reinforcement. These changes were associated with concomitant decreases in food 

consumption. Of note is the observation that in CB1-KO mice the reduction in the 

maximal number of NP performed under the PR schedule (36 ± 5%) was lower than 

that measured during wheel-running motivation tests (79% ± 11%), thus suggesting 

the involvement of other regulatory systems in palatable feeding motivation.  

 

Conditional deletion of CB1 receptors in GABAergic neurons 

The major role exerted by CB1 receptors located on (forebrain) GABAergic neurons 

on wheel-running motivation was found to be specific to the latter reward (at least 

compared to palatable feeding). Thus, when tested for palatable food motivation, 

GABA-CB1-KO mice did not differ from their WT littermates when compared for their 

respective behaviors during FR and PR sessions.  

 

Conditional deletion of CB1 receptors in glutamatergic neurons 

To further dissect which CB1 receptor subpopulation is involved in the above-

mentioned control of palatable food motivation by CB1 receptors, we next evaluated 

the effects of the conditional deletion of CB1 receptors in cortical glutamatergic 

neurons (Glu-CB1-KO). As observed with the GABA-CB1 mouse line, Glu-CB1-KO 

mice did not differ from their WT littermates for their respective operant responses (NP) 

and food consumption rates during FR and PR sessions.   

 

DLX5/6-Cre recombinase  

The previous sets of experiments provided evidence for a differential role of CB1 

receptors located on Dlx5/6-expressing neurons on running motivation and palatable 

feeding motivation (this subset of CB1 receptors being dispensable for the latter). 

However, to ensure that such a conclusion was valid, we aimed at evaluating the 
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intrinsic effect of the Dlx5/6-Cre recombinase (Dlx-Cre) on feeding motivation as we 

did for running motivation. To do so, the reinforcing values of palatable feeding were 

measured in DLX-cre (+) (n = 7) and their WT littermates (n = 9), i.e. DLX-cre (-). After 

habituation sessions, mice were conditioned under FR1 and then FR3 schedules of 

reinforcement learning. This learning step was achieved without genotype differences 

(as assessed by discrimination ratios between active and inactive NP ports; data not 

shown). As expected, genotypes did not differ with respect to their operant responding 

scores (2-way ANOVA: F(1,14) = 0.1471; p = NS; Figure 16A). This observation 

extended to operant responding scores under PR schedules, as the mean maximal 

number of NP performed by DLX-cre (+) was indistinguishable from that of their DLX-

cre (-) littermates (t-test: t = 0.7279, df = 14; p = NS; Figure 16B). To ensure that the 

pellets earned through operant responding were really consumed after their delivery, 

the percentages of pellet effectively eaten after being earned were measured in both 

genotypes. These measures revealed consumption rates > 90 %, with no difference 

between the two genotypes under both FR and PR schedules of reinforcement (2-way 

ANOVA: F(1,14) = 0.0001; p = NS; Figure 16C). 
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Figure 16 - Mice with cre recombinase expression under the Dlx5/6 promoter display no alteration 
in palatable food motivation. (A) Numbers of NP under FR schedules were similar in DLX cre (+) mice 

(n = 7) and their cre (-) littermates (n = 9). (B) Maximal numbers of NP performed under PR schedules 

were similar between genotypes. (C) The percentages of pellets earned and effectively consumed 

(under both FR and PR schedules), were above 90% without differences between genotypes. Data 

represent mean ± SEM. 

 

In conclusion, the genetic construct used to generate our GABA-CB1 mouse line does 

not alter per se the level of operant responding and the motivation for palatable food. 

In turn, this result clearly indicates that CB1 receptors on Dlx5/6-positive GABAergic 

neurons do not control palatable food motivation, as opposed to wheel-running 

motivation.  
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Conclusion of objective 3 

This set of experiment suggests that even though CB1 receptors are involved in the 

motivation for palatable food (and other drug and nondrug rewards; see “Introduction”), 

CB1 receptors expressed in GABAergic neurons control motivation in a reward-specific 

manner. However, both experiments were conducted in separate groups of animals, 

each having access to only one reward, either wheel-running or palatable food. At a 

translational level, these experiments are thus prone to criticisms. Indeed, in their daily 

lives, humans and animals have to choose between concurrent rewards. We thus 

aimed to decipher the role of CB1 receptors in the choice between wheel-running and 

palatable food, doing so at the motivation level. The relevant experiments are thus 

described in the following section. 

 

Objective 4 – Role of CB1 receptors in a wheel-running/palatable food choice 

paradigm  

Annex 1: Muguruza*, Redon* et al., (2019) JCI insight 

In this set of experiments, mice were exposed to our recently developed choice 

protocol between wheel-running and palatable food (see Annex 2: Redon et al., (2019) 

Bio-protocol for an extensive description of the protocol). As mentioned above (see 

“Materials & Methods”), the animals are first daily conditioned for each reward 

proposed alone (reward order counterbalanced each day to dampen the influence of 

one reward over another). This conditioning is slightly different from the protocols used 

in the previous sections in that it consists in two 30-min sessions (as opposed to 1 hour 

in the operant conditioning protocol for wheel-running studies) and all animals are fed 

ad libitum in their home cages (versus food-restriction in the operant conditioning 

protocol for palatable feeding studies). Once conditioned, the subjects are exposed 

once daily to both rewards made concurrent. Indeed, preference for one reward 

excludes the possibility to obtain the other one for a given time (time-out period of 5 

seconds after the rewarded sequence) rendering wheel-running and palatable food 

mutually exclusive. At the end of this phase, the animals undergo several sessions of 

choice under food restriction to strengthen the drive for food and we analyze its 

consequences on running motivation. Using this protocol, we investigated the role of 
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CB1 receptors by means of our constitutive (CB1-KO) and conditional (GABA-CB1-KO 

and Glu-CB1-KO) mutant mice. 

In the first step of the protocol, when rewards were presented daily in independent 

sessions under ad libitum feeding conditions, we confirmed the above results when 

wheel-running or palatable food were proposed alone. Thus, CB1-KO mice and GABA-

CB1-KO mice displayed lower levels of operant responses for wheel-running whereas 

no difference was observed in Glu-CB1-KO animals, compared to their respective WT 

littermates. Furthermore, CB1-KO mice, but neither GABA-CB1-KO mice nor Glu-CB1-

KO mice, responded less than their WT counterparts for palatable food. However, we 

noticed a slight decrease in operant responses for palatable food in Glu-CB1-KO 

mutants. This contrasts with the observation made when animals were food-restricted 

before being proposed palatable food (see above), a metabolic status which might 

underlie such a trend.  

In addition to these findings, we also compared the respective levels of operant 

responses for each reward proposed alone in all genotypes (Annex 1: Muguruza*, 

Redon* et al., (2019) JCI Insight, supplementary figures). Whatever the line under 

scrutiny, WT animals always displayed higher levels of operant responding for wheel-

running than for palatable food, a phenotype also observed in Glu-CB1-KO mice. 

However, this observation did not extend to CB1-KO and GABA-CB1-KO which 

displayed similar levels of operant response for either reward. 

Once conditioning was completed, animals underwent a daily 1-hour session during 

which both rewards were made concurrent and mutually exclusive (for details see 

“Materials & Methods”). The animals were kept under ad libitum feeding conditions in 

their home cages for the first 5 sessions whilst sessions 6 and 7 were performed under 

food restriction (as to reach 85-90 % of their initial body weight). Interestingly, both 

CB1-KO and GABA-CB1-KO animals showed lower levels of operant responses for 

wheel-running, as compared to their WT littermates, and these levels remained 

unchanged throughout the protocol (including under food restriction). In contrast, the 

levels of responses of Glu-CB1-KO mice were not different from Glu-CB1-WT animals.  

When both rewards are considered concurrently, we observed that WT animals of all 

lines had significantly higher levels of responses for wheel-running over palatable food, 

and this was reverted under food restriction. However, it is interesting to note that even 
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though the levels of responses for palatable food drastically increased under food 

restriction, the response for wheel-running either remained unchanged or only slightly 

decreased, strengthening that wheel-running is a highly reinforcing reward in mice. To 

be able to compare the respective wheel-running preferences in each genotype, we 

calculated a preference ratio based on the level of operant responses for wheel-

running over the total operant responses (wheel-running + food). Interestingly, CB1-

KO and GABA-CB1-KO displayed higher levels of responses for palatable food all 

along the protocol, as reflected by a significantly lower preference ratio than their 

respective WT. In contrast, Glu-CB1-KO animal displayed a pattern of responding 

similar to that of their Glu-CB1-WT littermates, and no difference was observed 

regarding the preference ratio in both genotypes.  

 

Conclusion of objective 4 

This set of experiments indicates that the crucial role exerted by CB1 receptors in 

GABAergic neurons on wheel-running motivation extends to a situation wherein the 

latter is in concurrence with another natural reward, namely palatable food.  
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Chapter 3 – Modulation of wheel-running motivation 

The previous chapter focused on the tonic control exerted by CB1 receptors on wheel-

running motivation, including in a running/feeding choice paradigm. The present 

chapter is aimed at evaluating whether wheel-running motivation might be further 

increased by directly/indirectly stimulating CB1 receptors. We also asked whether 

drugs endowed with ergogenic properties (i.e. doping agents) act on wheel-running 

motivation. Finally, we wondered whether the widely used ABA model recapitulates 

one core feature observed in some of anorexic patients, i.e. increased exercise 

motivation. 

 

Objective 1 – CB1 receptor stimulation and wheel-running motivation  

Annex 3: Hurel*, Muguruza* et al., (2021) Prog. Neuropsychopharmacol. Biol. 

Psychiatry 

Recent self-reports indicate a link between cannabis and exercise. Sport practitioners 

in states where cannabis is legalized and anecdotal reports from athletes revealed that 

cannabis might be taken before and/or after exercising with the aim to improve 

motivation, performance, or pleasure, and/or to alleviate post-exercise fatigue and pain 

(Nguyen, 2019; YorkWilliams et al., 2019). Collectively, these observations have driven 

interest to characterize the scientific grounds of these potential links. Together with the 

results of Chapter 1 and 2, these observations question the possibility to indeed 

increase exercise motivation by further stimulating CB1 receptors. To address this 

question, we measured the effects of direct (i.e. THC) or indirect (i.e. JZL184, an 

inhibitor of MGL) CB1 receptor stimulation on running motivation. The results indicate 

first that direct activation of CB1 receptors did not affect exercise motivation or 

performance although it proved efficient at increasing motivation for another natural 

reward, namely palatable food. Furthermore, indirect stimulation (potentiation) of CB1 

receptors through blockade of 2-AG degradation proved also inefficient on wheel-

running motivation and performance (motivation for palatable food was not tested). 

These results indicate that stimulation of CB1 receptors does not increase exercise 

motivation or performance, even though limitations preclude firm conclusions (see 

“Discussion”). 
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Objective 2 – Doping agents and wheel-running motivation: the example of 

glucocorticoids  

Annex 4: Redon et al., (2019) Psychoneuroendocrinology 

The ergogenic effects of glucocorticoids are thought to be mainly accounted for by their 

peripheral effects. However, glucocorticoids, through their receptors (GRs) present in 

numerous brain areas (Kloet et al., 2005; McEwen et al., 1986), exert central effects. 

As an illustration, GRs are present in the mesocorticolimbic system where they mediate 

the stimulating effects of glucocorticoids on seeking drugs of abuse (cocaine, 

amphetamine: Ambroggi et al., 2009; Parnaudeau et al., 2014; Piazza and Moal, 

1997). The latter findings thus indicate that glucocorticoids might stimulate motivation 

for exercise, hence suggesting that their doping properties might also be accounted for 

by their central effects. To test this hypothesis, mice repeatedly treated with a synthetic 

glucocorticoid, namely prednisolone, were tested in operant conditioning under FR and 

PR schedules as to assess wheel-running motivation and performances. Indeed, none 

of the doses tested (5 and 15 µg/ml in drinking water) impacted operant responses for 

wheel-running during conditioning; conversely, they significantly decreased wheel-

running performance, as assessed by the distance ran per sequence. On the other 

hand, the lowest dose of prednisolone decreased wheel-running motivation and 

performance under a PR schedule of reinforcement. To ensure that our treatments 

were ergogenic, muscular resistance was measured by means of wire grid-hanging 

tests. Individual analyses revealed that muscular performance scores in this test were 

independent from wheel-running motivation, i.e. mice in which the ergogenic impact of 

prednisolone was the highest were not those displaying the highest level of running 

motivation. Given the negative impact of prednisolone on wheel-running performances, 

which suggested an inhibitory effect on reward “consumption”, another group of mice 

was tested under a “free” wheel-running paradigm allowing a non-contingent access 

to the running wheels in their home cages. Indeed, both doses of prednisolone were 

devoid of effects on wheel-running performances in this test, even though the 

ergogenic impact of these treatments were once again assessed through the wire grid-

hanging test.  

Accordingly, by the use of free and cost-based access to wheel-running, the present 

work suggests that the ergogenic effects of glucocorticoids do not involve a stimulation 

of exercise motivation.  
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Objective 3 – Illustration of the limits of free wheel-running paradigms for the 

study of human pathologies: the ABA model  

Annex 5: Hurel*, Redon* et al., (2019) Frontiers in Pharmacology 

The ABA model, wherein food restricted mice given daily a constant amount of food 

increase their running activities at the expense of feeding, is widely used to investigate 

the neurobiology underlying AN (Boakes, 2007; Kim, 2012; Méquinion et al., 2015; 

Scheurink et al., 2010). We aimed at evaluating the construct validity of this model by 

asking whether (i) early-life stress, thought to be an etiological determinant of AN 

(Canetti et al., 2008; Leung et al., 2000; Pike et al., 2008; Romans et al., 2001), would 

amplify running activity at the expense of feeding, and whether (ii) such an imbalance 

finds its roots at the motivation level. In the present study, post-weaning isolation 

rearing (PWIR) was used as a model of early trauma (Fone and Porkess, 2008). 

As a first approach, female C57Bl/6N, either PWIR or control (grouped by 3), were 

exposed to an ABA protocol; as expected, all mice displayed a drastic decrease in 

body weight, the latter being more important in PWIR mice. Interestingly, PWIR mice 

displayed significantly higher food-anticipatory activity (FAA) compared to control mice. 

To understand whether increased FAA was reflective of an alteration at the motivation 

level, we used our operant conditioning protocols to evaluate (i) the impact of food-

restriction on wheel-running motivation before (ii) assessing the impact of PWIR in the 

motivation for palatable food and wheel-running, and (iii) the preference when both are 

concurrent.  Even though no difference was observed under FR schedules, responding 

under PR schedules yielded a clear sex-dependent difference, with food-restricted 

males displaying an increased motivation for wheel-running compared to ad libitum fed 

littermates whereas females remained insensitive. The next question was thus whether 

PWIR was inducing an alteration in motivation that could account for the amplification 

of the phenotype observed in the ABA protocol. Interestingly, when males were tested 

under PR schedules of reinforcement, statistical analyses revealed a reward x housing 

interaction mainly explained by an increased motivation for palatable food in the PWIR 

group. In contrast, females remained unaffected by PWIR, displaying similar 

responding between groups. When both rewards were made concurrent, a clear 

preference for wheel-running was observed in grouped males fed ad libitum. This 

preference then shifted to palatable food under mild food restriction conditions whilst 

PWIR males had no preference for either reward under ad libitum condition but a 
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preference for palatable food when food restricted. In contrast, females’ preference 

remained unaffected by PWIR, hence displaying a preference for wheel-running when 

ad libitum fed which then shifted to palatable food under mild food restriction. 

Taken together, these results demonstrate that changes in “free” (costless) running 

activity observed in females exposed to the ABA model reflect neither motivational 

changes for the respective rewards (running versus feeding) nor the reward 

preference. This study thus questions the translational value of such an animal model 

to decipher the neurobiological grounds of AN. 
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Chapter 4 – On-going experiments 

Objective 1 – CB1 receptors and wheel-running motivation: where are they? 

The aim of this objective was to characterize the anatomical location of the CB1 

receptor population responsible for the above-mentioned control of wheel-running 

motivation. We have provided evidence for the presence of these receptors on 

GABAergic neurons (see Chapter 2). However, the use of mutant mice wherein CB1 

receptors are deleted from Dlx5/6-positive GABAergic neurons precludes the 

identification of (i) the location of the terminals expressing these receptors and (ii) the 

brain region where these neurons originate from. Indeed, our past study with free 

wheel-running settings indicated that the GABAergic terminals wherein CB1 receptors 

control running performance are located in the VTA where they possibly disinhibit 

dopaminergic neurons (Dubreucq et al., 2013). Moreover, as indicated above, in vivo 

electrophysiological studies led with Dr François Georges and Dr Giulia Fois have 

indicated that the motivation for wheel-running is positively correlated with VTA 

dopaminergic neuronal activity (see Chapter 2). We thus hypothesized that the CB1 

receptor population controlling free running performance is also the one controlling 

wheel-running motivation. To address this hypothesis, intra-VTA perfusions of CB1 

receptor antagonist were performed before the PR session. In a second series of 

experiments, we aimed at assessing whether CB1 receptors are present on local (intra-

VTA) GABAergic neurons. As indicated earlier, the Dlx5/6 promoter used to remove 

CB1 receptors from GABAergic neurons is thought to be specific for forebrain 

GABAergic neurons, which might exclude the VTA (and hence interneurons). 

Confirmingly, a detailed anatomical study of MOR and δ opioid receptor (DOR) 

expression in Dlx5/6-Cre (+) and Cre (-) mice failed to detect receptor binding 

differences in the VTA (as opposed to forebrain regions; Charbogne et al., 2017; 

Chung et al., 2015). However, the hypothesis of a forebrain-specific expression of 

Dlx5/6 is still debated (see Dubreucq et al., 2013). Because CB1 receptor expression 

in the VTA is extremely low (Herkenham et al., 1990; Mátyás et al., 2008), hence 

impeding decreases, if any, to be quantified in GABA-CB1-KO mice, we crossed our 

Dlx5/6-Cre mice with an Ai6-fluorescent reporter mouse line. I also initiated the 

evaluation of a CB1 receptor deletion from brain regions displaying major inputs to VTA 

dopaminergic neurons, starting with LH neurons. The latter two experiments are still 

on-going and will however require the use of more specific viruses before conclusions 
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can be drawn. The last set of experiments aimed at assessing the possibility to use a 

mouse line expressing the Cre recombinase under the VGAT promoter as to delete 

CB1 receptors from a wider population of GABAergic neurons (as compared to our 

current GABA-CB1 mouse line). 

 

Effect of the intra-VTA CB1 receptor blockade on wheel-running motivation  

Annex 1: Muguruza*, Redon* et al., (2019) JCI insight  

As previously mentioned, we hypothesized that CB1 receptors control wheel-running 

motivation by means of a local action within the VTA. To test this hypothesis, we locally 

infused the CB1 receptor antagonist AM251 in the VTA through surgically implanted 

canulae. C57Bl/6N were thus trained under FR1 schedule of reinforcement for 4 

sessions before undergoing surgical implantation of bilateral canulae in the VTA. After 

a recovery period of 7 days during which the animals were daily monitored to ensure 

the absence of post-surgery infection and pain, mice were trained under an additional 

FR1 session before being daily exposed to FR3 schedule of reinforcement. All animals 

displayed levels of operant responding comparable to those of C57Bl/6N used in our 

other pharmacological studies and displayed stable responding at the end of the 

conditioning. Mice were then divided into two groups based on equal responding during 

the last FR3 session.  

Before performing the PR test, the animals were infused 15 to 20 minutes beforehand 

with AM251 (1 µg per side) or its vehicle using Hamilton syringes. Although vehicle-

perfused animals showed low levels of motivation (possibly due to the DMSO 

contained in the vehicle solution and the light animal restraint for infusion purposes), 

the CB1 receptor antagonist AM251 decreased by 70 ± 14 % the number of NP 

performed in PR, doing so without affecting running performances. This decrease in 

PR responding was comparable to the one observed in CB1-KO animals, suggesting 

a major, if not unique, role of VTA CB1 receptors in the control of wheel-running 

motivation. 

In conclusion, the local blockade of VTA CB1 receptors markedly reduced running 

motivation whilst leaving unaffected the running performances. Taken with our genetic 

findings, these data indicate that the control of wheel-running motivation is mainly 
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exerted by CB1 receptors located on Dlx5/6-positive GABAergic terminals in the VTA. 

However, as mentioned in “Introduction”, such GABAergic terminals could arise from 

(i) local GABAergic interneurons within the VTA, and/or (ii) GABAergic long-range 

projection from other brain regions (e.g. LH, NAc, VP; Morales and Margolis, 2017; 

Soden et al., 2020). 

 

Characterization of the Dlx promoter-expression using Dlx-Ai6 mice 

As indicated above, the key issue that needed to be addressed relates to the origin of 

the CB1 receptor-expressing GABAergic neurons which control running motivation. 

Accordingly, we first tested whether the Dlx5/6 promoter is expressed in the VTA.  To 

do so, we aimed at evaluating the spatial expression of the Dlx5/6 promoter within the 

mouse brain by crossing (i) the Dlx-cre mouse line, used to generate our GABA-CB1-

KO animals, with (ii) an Ai6-reporter mouse line, expressing a cre-dependent 

fluorescent reporter. After generation of this new line, namely Dlx*Ai6, 7-9 weeks old 

male mice were perfused, and their brains extracted. By encoding a green fluorescent 

reporter, Ai6 can be visualized in brain slices without further amplification. However, to 

delineate the VTA, an immunocytochemistry was performed to stain TH (the rate-

limiting enzyme in dopamine and noradrenaline synthesis) and hence label 

dopaminergic neurons. Once the slices were mounted on glass slides, pictures were 

taken using the Nanozoomer (BIC platform) to obtain a mapping of Dlx promoter 

expression in the whole brain (experiment in progress). 

As it can be observed in Figure 17A, the VTA, delineated by the red staining of TH+ 

neurons, displayed a low/close-to-zero expression of the Ai6 reporter, as compared to 

other brain regions such as the neighboring substantia nigra. A higher magnification 

(Figure 17B) confirms such an observation, further revealing that the green staining 

did not display a classical cell body-shaped signal as expected from a fluorescent 

reporter expressed at high intensity in the cytoplasm. 
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Figure 17 - Expression of the Dlx promoter, as assessed by the cre-dependent expression of an 
Ai6 fluorescent reporter (green) in the ventral tegmental area (delineated using tyrosine hydroxylase 

staining, in red) in (A) x5 and (B) x10 magnification (of the white square in A). VTA: Ventral tegmental 

Area; SN: Substantia Nigra. 

 

Although a firm conclusion awaits the addition of other animals, this experiment 

suggests that Dlx5/6 expression is weak if not absent in VTA neurons. Accordingly, 

even though it cannot be excluded that a small proportion of VTA GABAergic neurons 

expresses the Dlx5/6 promoter, it seems unlikely that the population of CB1 receptors 

controlling wheel-running motivation is expressed by local GABAergic interneurons in 

the VTA.  
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Effects of the CB1 receptor deletion from LH neurons on wheel-running 
motivation 

If CB1 receptors are not located on local GABAergic neurons (to be confirmed), then 

CB1 receptors controlling running motivation need to be located on the VTA terminals 

of extrinsic GABAergic neurons. LH neurons are among the most numerous 

GABAergic inputs onto VTA dopaminergic neurons (Godfrey and Borgland, 2019; 

Morales and Margolis, 2017; Watabe-Uchida et al., 2012) and bear an important role 

in reward processing (Godfrey and Borgland, 2019; Nieh et al., 2015, 2016; Tyree and 

Lecea, 2017). Accordingly, we first tested the effects of a general deletion of CB1 

receptors from LH neurons on wheel-running motivation and performance. This 

investigation was considered a first step before performing CB1 receptor deletions 

from (i) all LH GABAergic neurons or (ii) the ones specifically targeting VTA (retroviral 

approaches) but… another viral approach (the coronavirus pandemic) did not allow us 

to pursue this quest!  

To do so, I performed bilateral stereotaxic injections of viral vectors bearing a Cre 

recombinase within the LH of CB1-floxed mice. Two groups of animals were designed, 

with the Cre-expressing group injected with a CAG-cre-GFP virus (n = 8) and the 

control group being injected with a CAG-hr-GFP virus (n = 6), respectively abbreviated 

hereafter "CRE +" and "control (GFP)”. The site of injection corresponds to the anterior 

part of the LH at the following stereotaxic coordinates: anteroposterior: -1.55 mm, 

mediolateral: ±1.10 mm and dorsoventral: -5.2 mm. Three weeks after the surgery, 

ensuring both the recovery of the animals and an effective expression of the virus, mice 

entered the operant conditioning protocol. 

Following a habituation period (see above), mice were conditioned under FR1 and FR3 

schedules of reinforcement (Figure 18). Interestingly, both groups of animals displayed 

comparable levels of operant responses during conditioning (2-way ANOVA: F(1,12) = 

0.6298; p =NS; Figure 18A) with stable responding over sessions. Their absolute levels 

were equal to those reached by naive CB1-floxed mice that had been tested in previous 

experiments, showing that the surgery did not alter operant behavior. Wheel-running 

performances were similar in both groups of animals whether running duration (2-way 

ANOVA: F(1,12) = 0.6285; p = NS; Figure 18B) or running distance (2-way ANOVA: 

F(1,12) = 0.2545; p = NS; Figure 18C) per sequence were considered. 
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Figure 18 - Deletion of CB1 receptors from the lateral hypothalamus did not impact operant 
responses and running performances under FR schedules. (A) Number of NP under FR schedules 

were not different between CRE+ mice (n = 8) and their controls (GFP) (n = 6). (B,C) Performances of 

wheel-running were similar between groups whether (B) running durations or (C) running distances per 

sequence were considered. Data represent mean ± SEM. 

 

Surprisingly, when these mice were tested under PR schedules of reinforcement 

(Figure 19), a higher maximal number of NP was measured in CRE + mice (241.1 ± 

31.03 NP), compared to their control littermates (127.0 ± 25.71 NP; t-test, t = 2.696, df 

=12, p = 0.0195), indicating that CB1 receptor deletion in the LH increases wheel-

running motivation (Figure 19A). Even though a great variability could be observed 

under PR schedules, the performances of wheel-running were not altered in CRE + 

animals, whether running durations (t-test, t = 0.3550, df = 12, p = NS) or distances (t-

test, t = 0.2913, df = 12; p = NS) per sequence were considered (Figure 19B). 
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Figure 19 - Deletion of CB1 receptors from lateral hypothalamic neurons increased running 
motivation but not performance. (A) Increased maximal number of NP in PR session in CRE + mice 

(n=8) as compared to control animals (n=6). (B) In contrast, the performances of wheel-running as 

assessed by (left) running durations and (right) running distances per sequence were not different 

between groups. Data represent mean ± SEM. *p<0.05 for 2-group comparisons by Student’s t-test. 

 

In conclusion, even though operant responses and wheel-running performances were 

not altered under FR schedules, LH CB1 receptor deletion increased wheel-running 

motivation but not performance. To our knowledge, this is the first observation of an 

increased motivation for running after deletion of a CB1 receptor subpopulation. 
However, several limits must be taken into consideration before drawing any 

conclusion. First, the results presented here derive from a unique batch of animal; thus, 

an independent series of experiment is further needed to confirm such observations. 

The second limit resides in the general deletion induced by this approach. Indeed, CB1 

receptors were deleted from all LH neurons, hence rendering difficult the precise 

characterization of the circuit involved in such an effect. This needs consideration given 

the wide pattern of projection of LH neurons, including those targeting other reward-

related brain regions such as the NAc (Bonnavion et al., 2016). 

 

Summary of results 

We demonstrated that VTA CB1 receptor blockade drastically decreased wheel-

running motivation, recapitulating the phenotype observed in CB1-KO and GABA-CB1-
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KO animals. The preliminary results presented here suggest that Dlx5/6 promoter 

expression is low/close-to-null within the VTA, thus arguing for an extrinsic (to VTA) 

origin of the GABAergic neurons controlling - through CB1 receptors - running 

motivation. Given their prominent projections onto VTA neurons, especially 

dopaminergic, and their role in reward-related behavior, LH neurons are likely 

candidates. Surprisingly, this deletion increased wheel-running motivation, leaving 

running performances unaffected.  

 

Objective 2 – Evaluating VGAT as a new promoter to study the role of CB1 

receptors on GABAergic neurons in running motivation 

As indicated above, there is uncertainty regarding the expression of Dlx5/6 in midbrain. 

In keeping with this uncertainty, we wished to use another Cre recombinase-

associated promoter to delete CB1 receptors from GABAergic neurons. To this aim, 

we chose to use the promoter of the vesicular GABA transporter (Vgat or Slc32a1). To 

do so, a VGAT-CB1 mouse line was generated using the VGAT-Cre mouse line from 

Jackson Laboratory (Vong et al., 2011) and our CB1-floxed mice. We then studied the 

respective behaviors of VGAT-CB1-KO and VGAT-CB1-WT mice.  

 

VGAT-CB1 mice & wheel-running motivation 

Once this new mouse line was generated, both VGAT-CB1-KO (n = 11) and their 

VGAT-CB1-WT littermates (n = 11) were investigated in our operant conditioning 

protocol for wheel-running. As observed in Dlx5/6-CB1 animals, the VGAT-CB1-KO 

displayed a significantly lower level of operant responses under FR1, a difference 

further amplified under the FR3 schedule (2-way ANOVA: F(1,20) = 11.12; p = 0.0033; 

Figure 20A). This difference in operant responses extended to the maximal number of 

NP performed under PR schedules of reinforcement with VGAT-CB1-KO animals 

reaching a lower level than their VGAT-CB1-WT littermates (t-test: t = 3.439, df = 20; 

p = 0.0026; Figure 20B). This indicated a decreased motivation for wheel-running in 

the mutants. Conversely, the running durations per sequence under FR schedules of 

reinforcement proved similar in both genotypes (2-way ANOVA: F(1,20) = 3.282; p = 

NS; Figure 20C) and this similarity extended to PR schedules (t-test: t = 0.2474, df = 
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20; p = NS; Figure 20D), suggesting that the performances of VGAT-CB1-KO mice 

were not altered. 

 
Figure 20 - Deletion of CB1 receptors from VGAT-positive neurons decreases wheel-running 
motivation but not performance. (A) The decreased numbers of NP under FR schedules for VGAT-

CB1-KO (n=11), as compared to their WT littermates (n=11), extended to (B) PR schedules, thus 

demonstrating decreased wheel-running motivation. (C,D) Performances of wheel-running were not 

different between genotypes, as assessed by running durations per sequence under (C) FR and (D) PR 

schedules. Data represent mean ± SEM. **p<0.01 for main genotype significance in the 2-way ANOVA 

(A) and for 2-group comparison by Student’s t-test (B). 

 

In conclusion, the phenotype of VGAT-CB1 mice was similar to that observed in 

mutants from the Dlx5/6-CB1 line, i.e. decreased operant responding under FR and 

PR schedules but running performances similar to those of their WT littermates.   

 

VGAT-cre mice (Agouti background) & wheel-running motivation  

In keeping with the above-mentioned differences in the VGAT-CB1 line, I next wanted 

to make sure that these differences were not accounted for by the presence of the 



RESULTS     Chapter 4 – On-going experiments 

135 
 

VGAT-Cre recombinase. As performed with the Dlx5/6-Cre line, I thus tested the 

VGAT-Cre line, wherein mice harbored (Cre (+) mice) or not (Cre (-) mice) the Cre 

recombinase, used to generate the VGAT-CB1 line (see above). I thus compared 

VGAT-cre (+) (n = 13) to their VGAT-cre (-) littermates (n = 7) in our operant 

conditioning protocol for wheel-running. Surprisingly, VGAT-cre (+) displayed a 

significantly lower level of operant responding under FR1 and FR3 schedules, the 

difference being further amplified in the latter schedule, compared to their VGAT-Cre 

(-) littermates (2-way ANOVA: F(1,18) = 9.143; p = 0.0073; Figure 21A). This difference 

extended to the PR reinforcement schedules (t-test: t = 2.138, df = 18; p = 0.0465; 

Figure 21B), indicating a decreased wheel-running motivation in mice harboring the 

VGAT-Cre recombinase. In addition, VGAT-cre (+) displayed lower running durations 

(2-way ANOVA: F(1,18) = 7.669; p = 0.0126; Figure 21C) and running distances (2-

way ANOVA: F(1,18) = 22.65; p = 0.0002; Figure 21D) per sequence under FR 

schedules. This observation extended to the running distance, but not the running 

duration, performed under PR schedules (t-tests, running distance: t = 2.816, df = 16, 

p = 0.0124; running duration: t = 1.240, df = 16, p = NS; Figure 21E).  
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Figure 21 - Wheel-running reinforcing properties are decreased in mice expressing a Cre 
recombinase under the VGAT promoter on agouti background. (A) Decreased number of NP under 

FR schedules in VGAT cre (+) (n = 13) versus their cre (-) littermates (n = 7) that extend to (B) the 

maximal number of NP under PR schedules, hence demonstrating decreased motivation for wheel-

running. (C,D) Decreased wheel-running performances in VGAT cre (+) whether (C) running durations 

or (D) running distances per sequence were considered. (E) Performances of wheel-running under PR 

schedules were differentially affected with (left) running durations being similar between genotypes 

whilst (right) running distances were decreased in cre-expressing mice. Data represent mean ± SEM. 

*p<0.05, **p<0.01, ***p<0.001 for the main genotype significance in the 2-way ANOVA (A,C,D), and for 

2-group comparisons by Student’s t-tests (B,E). 
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VGAT-CB1 mice, VGAT-cre mice & motivation for palatable food 

Given the above observations in VGAT-Cre (+) mice exposed to wheel-running 

motivation tests, I aimed at evaluating whether the impairment in reward-processing 

would be observed with another reinforcer, namely palatable food.  Accordingly, I 

evaluated palatable food motivation, first in VGAT-CB1 mice and then in VGAT-cre 

mice, using our previously described operant conditioning protocol for palatable food. 

After habituation sessions, VGAT-CB1 mice were conditioned under FR1 and FR3 

schedules: indeed, no difference between the VGAT-CB1-KO (n = 10) and their WT 

littermates (n = 11) was observed (2-way ANOVA: F(1,19) = 0.5294; p = NS; Figure 

22A). This lack of difference extended to responding under a PR schedule, as 

assessed by the absence of difference in the maximal number of NP performed (t-test: 

t = 0.1795, df = 19; p = NS; Figure 22B), hence indicating similar palatable food 

motivation. To ensure that the pellets earned through operant responding were 

effectively consumed by mice, the percentages of pellet effectively consumed were 

calculated. Even though a great variability could be observed in the first sessions of 

the conditioning, owing to one  animal which did not consume the pellets earned, the 

mean percentages in both genotypes were over 90% all along the protocol without any 

difference between genotypes (2-way ANOVA: F(1,19) = 1.024; p = NS; Figure 22C).  

 

As observed with VGAT-CB1 mice, no difference was observed between VGAT-cre 

(+) (n = 18) and their VGAT-cre (-) littermates (n = 13) in the level of operant responding 

under FR1 and FR3 schedules (2-way ANOVA: F(1,29) = 1.019; p = NS; Figure 22D). 

This lack of genotype difference extended to the maximal number of NP under a PR 

schedule (t-test: t = 0.9423, df = 29; p = NS; Figure 22E), indicating a lack of alteration 

in palatable food motivation. The percentages of pellets earned effectively consumed 

were over 95% all along the protocol without differences between genotypes (2-way 

ANOVA: F(1,29) = 0.4056; p = NS; Figure 22F). 
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Figure 22 - VGAT-CB1-KO mice and VGAT-Cre (+) mice do not display alterations in palatable 
food motivation, compared to their WT littermates. (A) Numbers of NP under FR schedules were 

similar between VGAT-CB1-KO (n = 10) and their WT littermates (n = 11), a similarity which extended 

to (B) the maximal numbers of NP under PR schedules. (C) The percentages of pellets earned which 

were effectively consumed (> 90 %) were not different between genotypes. (D) Numbers of NP under 

FR schedules were similar between VGAT-cre (+) (n = 18) and their cre (-) littermates (n = 13), as were 

(E) the maximal numbers of NP under PR schedules. (F) The percentages of pellets earned which were 

effectively consumed (> 95 %) were not different between genotypes. Data represent mean ± SEM. 
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These experiments show that palatable food motivation was affected neither by the 

deletion of CB1 receptors from VGAT-expressing neurons nor by the presence of the 

VGAT-Cre recombinase (and/or the DNA portion between the Vgat and non-agouti 

genes; see below and “Discussion”). The latter observation further indicates that the 

control of reward motivation by the VGAT-Cre insertion is indeed reward-dependent. 

 

In conclusion, the results presented in this objective strengthen the need to investigate 

the intrinsic impact of the Cre recombinase and/or the genomic alterations it might 

promote when such a construct is used. The difference in wheel-running motivation 

(which did not extend to palatable food motivation) observed in VGAT-CB1-KO mice, 

compared to their WT littermates, might have been fully accounted for by the presence 

of the Cre recombinase used to generate the VGAT-CB1 line (i.e. VGAT-Cre 

recombinase). However, another explanation lies in the observation that both VGAT-

CB1-KO mice and VGAT-Cre (+) mice have an "agouti" fur (the fur color of the mice of 

the 129S6 line from which the initial ES cells were used to create the VGAT-Cre line 

Vong et al., 2011). This observation is accounted for by the close vicinity of the Vgat 

gene and the non-agouti locus. In turn, this suggests that it is not the VGAT-Cre 

recombinase which is responsible for the above-mentioned observations but rather the 

piece of DNA genome between Vgat and non-agouti genes which might harbor genes 

involved in reward motivation. To examine this possibility, we next used another VGAT-

Cre line which was established in a full C57Bl/6J background (see below).  

 

VGAT-cre mouse line (C57Bl/6J background) & wheel-running motivation  

Mice issued from this line bearing (VGAT*B6 cre (+); n = 9) or not (VGAT*B6 cre (-); n 

= 6) the cre recombinase under the VGAT promoter were trained in our operant 

conditioning protocol for wheel-running (Figure 23). Thus, after habituation sessions, 

mice were conditioned under FR1 and FR3 schedules. Unlike VGAT-cre (on an Agouti 

background; see above), VGAT*B6 cre (+) did not differ from their cre (-) littermates 

under FR (2-way ANOVA: F(1,13) = 0.01063; p = NS; Figure 23A)  and PR (t-test : t = 

1.453, df = 13; p = NS; Figure 23B) schedules. Furthermore, wheel-running 

performances were equally unaltered in cre-expressing animals, compared to their 

controls, whether running durations (2-way ANOVA: F(1,13) = 1.965, p = NS; Figure 
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23C) or running distances (2-way ANOVA : F(1,13) = 0.004035; p = NS; Figure 23D) 

per sequence under FR schedules were considered. This also hold true for both 

running durations (t-test: t = 0.4601, df = 13; p = NS; Figure 23E left) and running 

distances (t-test: t = 0.2621, df = 13; p = NS; Figure 23E right) under PR schedules. 

In conclusion, the expression of cre recombinase under the VGAT promoter on a 

C57Bl/6J genetic background did not alter wheel-running reinforcing properties, 

therefore making it a suitable mouse line to study the impact of CB1 receptor deletion 

from whole brain GABAergic neurons.  
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Figure 23 - Wheel-running reinforcing properties were not altered in mice expressing the Cre 
recombinase under the VGAT promoter on a C57Bl/6J genetic background. (A) Number of NP 

under FR schedules were similar between VGAT*B6 cre (+) (n = 9) and their cre (-) littermates (n = 6) 

and that extend to (B) the maximal number of NP performed under PR schedule. (C,D) Performances 

of wheel-running were similar between genotypes under both FR and PR schedules whether (C, E left) 

running durations- or (D, E right) running distances per sequence were considered. Data represent 

mean ± SEM.
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GENERAL DISCUSSION 

1. Wheel-running is a potent reinforcer in mice 

The first aim of the present work was to develop and validate a suitable behavioral 

paradigm to investigate the role of CB1 receptors in exercise motivation (discussed 

below). Several investigators previously demonstrated that wheel-running could 

maintain operant responding (Belke, 1997; Belke and Pierce, 2016; Collier and Hirsch, 

1971; Iversen, 1993). However, except from one study (Belke and Garland, 2007), 

most studies were performed in rats, questioning the transferability of operant wheel-

running to mice. This was an important issue as mice are our privileged animal models 

for the study of the ECS. The second important issue related to this paradigm was the 

ability to discriminate between wheel-running motivation and performance. Therefore, 

we designed an operant conditioning protocol wherein training was led under FR 

schedules of reinforcement, based on decades of self-administration literature showing 

that these schedules allow the fastest learning and yield stable responding 

(Richardson and Roberts, 1996). These FR sessions were followed by a single PR 

reinforcement schedule session, the only means to estimate the maximal efforts the 

animal accept to perform to gain access to the wheel i.e. its motivation (Hodos, 1961). 

As extensively described in the Introduction, appetitive and consummatory behavior 

rely on separate neurobiological grounds, and especially the former, but not the latter, 

is DA-dependent (Berridge, 2007; Salamone and Correa, 2012). Using a standard line 

(C57Bl/6N), we demonstrated the reinforcing properties of wheel-running in mice by 

means of our operant conditioning protocol. Moreover, the administration of two non-

cataleptic doses of haloperidol, a D2R antagonist, dose-dependently decreased 

maximal responding under PR schedules whilst performances of wheel-running 

remained unaffected. These results confirmed the ability of our protocol to efficiently 

separate running motivation from performance. One limit of these experiments 

however lies in the systemic administration of haloperidol, hence questioning the 

involvement of VTA dopaminergic neurons in running motivation.  Indeed, (i) Wang et 

al. described burst firing of VTA dopaminergic neurons both at onsets and offsets of 

wheel-running episodes (Wang and Tsien, 2011), (ii) Greenwood and colleagues 

reported increased TH mRNA within VTA after chronic wheel-running  (Greenwood et 

al., 2011), and (iii) Wilson et al. observed increased NAc extracellular DA levels after 
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acute bout of treadmill running (Wilson and Marsden, 1995). These results, which at 

first glance suggest an involvement of VTA dopaminergic neurons in running 

motivation derived from “free” wheel/treadmill running protocols wherein running 

motivation and performance are intermingled. Although we do not yet have evidence 

for a causal relationship between the activity of VTA dopaminergic neurons and 

running motivation – experiments which are now on-going by means of in vivo 

electrophysiology in conscious animals – our electrophysiology experiments in 

anaesthetized mice indicate a relationship between these two variables but not 

between VTA dopaminergic activity and running performance.   

 

One hallmark of the reinforcing properties of a rewarding stimulus consists in the 

reinstatement of its seeking after extinction or abstinence periods (Shaham et al., 

2003). Reinstatement of extinguished reward-seeking is considered an animal model 

of craving and relapse; thus, stimuli inducing the reinstatement in animals also trigger 

craving and/or relapse in humans, e.g. reward-associated cues or context, stress, 

unexpected exposure to the reward, even though the parallel with humans remains 

difficult (Sanchis‐Segura and Spanagel, 2006; Shaham et al., 2003). In our hands, 

mice conditioned under FR schedules reinstate wheel-running seeking after a period 

of extinction, strengthening the observation that wheel-running acts as a highly potent 

reinforcer in mice. Additionally, a recent work in the lab provided evidence that 

conditioned wheel-running under FR schedules strengthens excitatory transmission 

onto VTA DA neurons (as assessed by an increased ratio of AMPA receptor-mediated 

EPSCs to NMDA receptor-mediated EPSCs; Medrano et al., 2020). Furthermore, this 

increased ratio, which did not correlate with performances of wheel-running, was also 

observed during a “craving” session for wheel running after an extinction period 

(Medrano et al., 2020). Finally, it is noteworthy that all wheel-running experiments 

mentioned in this Thesis (except when specifically mentioned) were performed without 

the need to use food-restriction, a procedure commonly used in operant conditioning 

protocols to facilitate learning and hence responding for drug and natural rewards. 
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2. CB1 receptors control wheel-running reinforcing properties 

The pharmacological and genetic approaches used in the present work demonstrate 

that CB1 receptors exert a positive tonic control over wheel-running motivation in mice. 

Indeed, pharmacological blockade and constitutive genetic deletion both decreased 

the maximal effort displayed by mice under PR schedules whilst performances 

remained unaffected. The additional use of conditional mutants helped to refine the 

respective involvement of different CB1 receptors populations. Mutants lacking CB1 

receptors on GABAergic neurons (Dlx5/6-positive) in the forebrain – but see below - 

recapitulate the phenotype observed in constitutive mutants with a decreased 

motivation for, but similar performances of, wheel running (as compared to their WT 

littermates). In addition, specific re-expression of this receptor population in mice 

whose CB1 receptor gene expression is silenced increased wheel-running motivation, 

as compared to mice lacking such a re-expression. Thus, CB1 receptors located on 

forebrain GABAergic neurons are both necessary and sufficient for wheel-running 

motivation. At the opposite, mutant mice lacking CB1 receptors on cortical 

glutamatergic (Nex-positive) neurons display a negative tonic control over wheel-

running performance, as indicated by their increased running performances under FR 

and PR schedules, compared to their WT littermates. In contrast, CB1 receptors 

located in Sim1-positive neurons (mostly located in the hypothalamic PVN) proved 

dispensable for wheel-reinforcing properties. Finally, our results suggest that CB1 

receptors located on serotonergic neurons (TPH2-positive) bear a role in wheel-

running performances only when the effort pre-requisite was high (PR schedules; but 

see below).  

 

2.1. CB1 receptors control wheel-running motivation 

Only one study investigated the involvement of CB1 receptors in operant wheel-

running in rats and demonstrated that the acute blockade of CB1 receptors through 

rimonabant decreased operant responding (breakpoint) whilst leaving wheel 

revolutions unaffected (Rasmussen and Hillman, 2011). However, this study was led 

in food-restricted obese rats, thus questioning the transferability to ad libitum fed mice. 

In addition, only high (10 mg/kg) but not low/moderate doses (1-3 mg/kg) of rimonabant 

were exerting significant effects, thus questioning the specificity of the ECS. Similar 
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behavioral observations are reported in the present work using a low dose of 

rimonabant (3 mg/kg) injected before the PR session. Indeed, we observed decreased 

PR scores as compared to vehicle-treated animals, whilst performances remained 

unaffected. In addition, the use of a second CB1 receptor antagonist thought to be 

neutral, namely O-2050 (Wiley et al., 2011), yielded similar observations, hence 

discarding the potential impact of rimonabant inverse agonist properties. As indicated 

above, these results provide an illustration of one mechanism through which reward 

motivation is controlled by, doing so independently from its mere consumption 

(assuming that running performance is an index of such a consumption).  The use of 

our constitutive CB1-KO mutants confirmed our pharmacological findings. The 

analyses of the discrimination indices (> 75 %) indicated that the genotype differences 

under FR and PR schedules were not accounted for by learning/memory biases 

although CB1-KO mice are documented for their deficiencies in these processes 

(Busquets‐Garcia et al., 2015). The finding that CB1 receptors are necessary for 

wheel-running motivation is in keeping with the crucial role of these receptors in both 

drug (Parsons and Hurd, 2015) and nondrug “natural” rewards (e.g. food: Solinas and 

Goldberg, 2005; social: Trezza et al., 2012; see Fattore et al., 2010; Melis et al., 2012; 

Solinas et al., 2008 for review) as described in the Introduction.  

 

2.2. GABA-CB1 receptors are necessary and sufficient for wheel-running 

motivation 

The phenotype observed in CB1-KO mice was recapitulated in GABA-CB1-KO mice. 

We discarded any intrinsic impact of the genetic construct per se as Dlx-cre (+) mice 

did not differ from their cre (-) littermates. Interestingly, the decrease in PR scores of 

GABA-CB1-KO mice (versus their WT littermates: 57% ± 9%) did not significantly differ 

from the one observed in CB1-KO mice (versus their WT littermates: 79% ± 11%). This 

result suggests that among CB1 receptor populations, only that located on GABAergic 

neurons controls running motivation. If we assume that the control of "free" wheel-

running by GABA-CB1 receptors (Dubreucq et al., 2013) is exerted at the motivation 

level, the observation that pretreatment with CB1 receptor antagonists did not further 

decrease running in GABA-CB1-KO mice (Dubreucq et al., 2013) supports such a 

hypothesis. Although at the present stage we cannot exclude the involvement of other 
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CB1 receptor populations, these should play a minor role. Not only do CB1 receptors 

on GABAergic neurons play a necessary role in running motivation, but these are also 

sufficient to establish, albeit partly, such a motivation. Noteworthy is the observation 

that mice displaying CB1 receptor expression silencing (Stop-CB1 mice) behaved 

worse than CB1-KO animals.  Indeed, whilst the constitutive mutants are bred with a 

heterozygous (CB1+/-) mother, Stop-CB1 mice are bred from mothers wherein the 

CB1 receptor gene is silenced. Because the lack of CB1 receptors may have negative 

impacts on maternal care (Schechter et al., 2012), and then on the mesolimbic 

dopaminergic pathway (Hasselt et al., 2012; Peña et al., 2014), this maternal difference 

might explain our results as well as the observation that Stop-CB1 mice are particularly 

sensitive to stress, as compared to CB1-KO mice (personal observations). 

Taken together, these results demonstrate that GABA-CB1 receptors are both 

necessary and sufficient for wheel-running motivation. If we assume that most of the 

CB1 receptor control over wheel-running motivation is exerted by this population (see 

above), it can thus be hypothesized that the mechanism of action involves CB1 

receptors localized on GABAergic terminals within the VTA (see below for anatomical 

considerations). This framework is consistent with the disinhibition model of 

dopaminergic neurons proposed to underlie the rewarding effects of THC (Lupica and 

Riegel, 2005; Riegel and Lupica, 2004) as well as other drugs of abuse (e.g. 

benzodiazepines: Tan et al., 2010). Indeed, disinhibition of dopaminergic neurones 

generates high-frequency bursts in these neurones (Lobb et al., 2010), hence allowing 

reward processing (Corre et al., 2018; van Zessen et al., 2012). In contrast, lack of 

CB1 receptors on GABAergic neurons precludes this mechanism, VTA DA neurons 

remaining under tonic GABAergic inhibition, and hence amotivation. These 

mechanisms in turn suggest a tonic release of endocannabinoids from dopaminergic 

neurons, thus questioning their targets in GABA-CB1-KO mice. Would the lack of CB1 

receptors on GABAergic neurons shift these targets to other CB1 receptor-expressing 

neurons?  Even though such a hypothesis cannot be discarded, (i) the “punctate” 

patterns of expression of the enzymes involved in endocannabinoid syntheses 

machinery within VTA DA neurons, hence facing CB1 receptor-expressing afferences 

(Mátyás et al., 2008) and (ii) the rapid inactivation by the degrading enzymes (Piomelli, 

2003) suggest precise loci of action rather than a blind volume distribution of 

extracellular endocannabinoids. 
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2.3. Glu-CB1 receptors control wheel-running performances 

The above data suggest that CB1 receptors on GABAergic neurons fully mediate the 

control of running motivation by CB1 receptors. On the other hand, we could not 

exclude that other CB1 receptor populations played opposite roles. Indeed, CB1 

receptor populations on GABAergic and cortical glutamatergic neurons have been 

shown to exert opposite controls over (i) feeding in fasted mice (Bellocchio et al., 2010) 

or (ii) the reinforcing value of cocaine self-administration (Martín-García et al., 2016). 

The use of Glu-CB1-KO mice allowed to reject this hypothesis. On the other hand, 

these mice were found to perform better than their WT, thus suggesting a negative 

tonic control of wheel-running performance by Glu-CB1 receptors. This observation 

further demonstrate that effort-based protocols are the unique means to discriminate 

between running motivation and performance. Confirmingly, such a genotype 

difference could not be observed when wheel-running was set "free" in the home cages 

(Dubreucq et al., 2013). A previous study by Wotjak’s group using the Glu-CB1 line 

showed that male Glu-CB1-KO mice displayed a decreased interest for social 

interaction with females, compared to their WT controls (Terzian et al., 2014). Taken 

with the aforementioned feeding and cocaine intake studies, this indicates the need to 

consider endocannabinoid-reward interactions in a reward-specific manner. 

 

2.4. Are other CB1 receptor populations involved in wheel-running? 

Previous work from Cota’s group demonstrated that deletion of CB1 receptors from 

Sim1-positive neurons, mainly expressed in the PVN of the hypothalamus and the 

mediobasal amygdala (Cardinal et al., 2015; Dubreucq et al., 2012), yield to a 

significant increase in energy expenditure under high-fat diet despite normal under lab 

chow feeding (as compared to their WT) whereas no change in food intake was 

observed (Cardinal et al., 2015). Moreover, such a deletion promotes ambulatory 

hyperactivity whilst lacking influence in a passive sucrose/water choice test (Dubreucq 

et al., 2012).  In our hands, CB1 receptors located on Sim1-positive neurons proved 

dispensable for wheel-running in mice.  

DRN serotonergic neurons send projections to several reward-regulating areas such 

as the VTA, the NAc and the mPFC (Waselus et al., 2011; Watabe-Uchida et al., 2012). 

Recently, direct evidence for a link between DRN serotonergic neurons and reward-
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processing has been documented. Indeed, optogenetic activation of these neurons 

proved able to reinforce self-stimulation in mice (Liu et al., 2014), and calcium-imaging 

experiments demonstrated that several rewards (i.e. sucrose solution and social 

interactions) actually increase their activity (Li et al., 2016). Because CB1 receptors 

were described in DRN serotonergic neurons (Häring et al., 2007), we tested 

conditional mutants for CB1 receptors on TPH2-positive serotonergic neurons (TPH2-

CB1) in our operant conditioning protocol for wheel-running. Although these mutants 

did not prove significantly different from their WT littermates for running motivation (as 

opposed to running performances) in PR sessions, it seems that TPH2-CB1-KO mice 

could be segregated in two subpopulations. The first was accounted for by low 

responders (< 100 NP) whilst the second included high responders (> 100 NP). 

Interestingly, retrospective analyses of these two populations indicate that despite 

equal performances under FR1 schedules, the significant difference between high and 

low responders could already be observed under FR3 schedules. An inefficiency of the 

tamoxifen treatment can be excluded inasmuch as each mouse deletion was ensured 

post-hoc. Indeed, the inducibility of the deletion during late adolescence could suggest 

a role of environmental factors in the phenotypes observed. As previously mentioned, 

the quality of maternal care in rodent can affect offspring behavior on the long term 

(Schechter et al., 2012), and more precisely, even within a single litter, differential 

maternal care can affect offspring adolescent social play, which depends on 

mesolimbic dopaminergic pathway (Hasselt et al., 2012). Then, if mesolimbic 

dopaminergic systems are differentially affected by early-life events, it could be 

hypothesized that the additional deletion of CB1 receptors at adulthood may 

differentially affects individuals. 

In keeping with a previous work which reported no alteration in "free" wheel running in 

TPH2-CB1-KO mice (Dubreucq et al., 2013), the present results indicate that under 

low effort requirements (i.e. FR1 schedule), KO mice do not differ from their WT 

littermates.  However, the mechanism(s) underlying (i) decreased wheel-running 

performances and (ii) decreased operant responding in a subpopulation of TPH2-CB1-

KO animals remain to be characterized. Indeed, CB1 receptors are only expressed in 

a subset (circa 20 %) of TPH2-positive neurons (Häring et al., 2007). Moreover, most 

serotonergic cells co-express glutamate, some are serotonergic only, and an even 

fewer proportion co-expresses serotonin and GABA (Calizo et al., 2011; Li et al., 2016). 
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The molecular identity of the serotonergic neurons bearing CB1 receptors remains thus 

to be determined. The latter point is of crucial importance as recent evidence indicates 

that within the VTA, serotonergic-only neurons mainly make symmetric synapses onto 

nondopaminergic neurons whereas serotonin/glutamate-expressing neurons are 

found to make asymmetric synapses onto dopaminergic neurons (Wang et al., 2019).  

 

2.5. Anatomical location of CB1 receptor control over wheel-running motivation 

Previous works revealed that the CB1 receptor population controlling "free" wheel-

running is located on lateral VTA GABAergic terminals (Dubreucq et al., 2013). To 

evaluate whether this CB1 receptor population could account for the control of wheel-

running motivation, a CB1 receptor antagonist was infused in the lateral VTA. This 

infusion reduced running motivation to a similar extent (circa 70 %) to that promoted 

by the constitutive (CB1-KO) or the conditional (GABA-CB1-KO) deletion of CB1 

receptors. These results indicate that most, if not all, of the CB1 receptor-mediated 

control of wheel-running motivation is locally exerted within the VTA, even though a 

minor role at dopaminergic terminals cannot be discarded (Covey et al., 2017). Such 

a finding is in keeping with the role of VTA endocannabinoid transmission, especially 

through 2-AG, in reward-seeking (i.e. sucrose; Oleson et al., 2012). However, these 

results raise questions regarding the neuronal population bearing the CB1 receptors 

of interest. Indeed, two hypotheses can be formulated, i.e. (i) intrinsic GABAergic 

neurons (interneurons) located within the VTA, and (ii) extrinsic GABAergic projections 

impinging onto VTA DA neurons. Regarding the first hypothesis, VTA GABAergic 

neurons have been shown to preferentially synapse with dendrites, rather than the 

soma, of VTA DA neurons, hence favoring a fine-tuning of VTA dopaminergic activity 

(Omelchenko and Sesack, 2009). 

The former hypothesis is based on the literature describing (i) the ability of intrinsic 

VTA GABAergic neurons to synapse onto neighboring dopaminergic neurons, (ii) their 

stimulation effectively inhibiting VTA DA neurons, and (iii) their role in motivated 

behavior (Cohen et al., 2012; Tan et al., 2010, 2012; van Zessen et al., 2012). Although 

the characterization of CB1 receptor deletion in GABA-CB1-KO mice suggests that it 

mainly affects forebrain GABAergic neurons (Monory et al., 2006), the low expression 

of CB1 receptors in midbrain (Herkenham et al., 1990) could render any decrease in 
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that expression difficult to quantify. To gain direct evidence for this hypothesis, we 

crossed our Dlx5/6-cre mice (used to generate our GABA-CB1-KO) with a reporter 

mouse line Ai6 and analyzed VTA Dlx5/6 expression. Even though this experiment 

needs to be completed, the preliminary results suggest that VTA neurons do not 

express Dlx5/6. It is thus unlikely that CB1 receptors controlling wheel-running 

motivation are located on intrinsic VTA GABAergic neurons. Such observations are in 

line with studies from Kieffer’s group investigating the conditional deletion of opioid 

receptors (µ- and δ- opioid receptors, MOR and DOR respectively) from Dlx5/6-positive 

neurons (Charbogne et al., 2017; Chung et al., 2015).  Indeed, decreased receptor 

mRNA levels and binding characteristics for their specific ligands were observed in 

NAc and dorsal striatum of Dlx5/6-MOR (Charbogne et al., 2017) and Dlx5/6-DOR 

(Chung et al., 2015) mice whilst receptor mRNA levels and binding remained 

unaffected in VTA and more posterior structures (e.g. DRN, brain stem and spinal 

cord).  

The second hypothesis is substantiated by recent viral studies indicating that VTA 

dopaminergic neurons receive dense GABAergic projections from several brain 

regions such as the NAc, the hypothalamus, and the ventral pallidum (Bariselli et al., 

2016; Morales and Margolis, 2017; Soden et al., 2020; Watabe-Uchida et al., 2012). 

Unpublished results from the lab suggest however that CB1 receptors located on D1R-

expressing neurons (thus encompassing NAc MSNs directly projecting to the VTA, e.g. 

from the median shell of the NAc: Yang et al., 2018) do not control motivation for wheel-

running, at least under our experimental conditions (in preparation). Another region of 

interest is the LH, from which GABAergic projections were identified to impinge on both 

dopaminergic and nondopaminergic neurons in the VTA (Nieh et al., 2015) and have 

been identified as a key pathway for the regulation of motivated behaviors (Bonnavion 

et al., 2016; Nieh et al., 2015, 2016). Although currently in progress, our investigation 

in this brain region was initiated by deleting CB1 receptors from LH neurons. During 

conditioning, no difference was observed between groups. However, under PR 

schedules, mice bearing CB1 receptor deletions in the LH displayed a significant 

increase in wheel-running motivation without affecting running performance. This is the 

first observation of a CB1 receptor-driven manipulation allowing an increase in wheel-

running motivation. Obviously, a major limit of these experiment is the non-specific 

CB1 receptor deletion from all neuronal populations within the LH, thus precluding an 
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identification of the mechanisms (circuit, cell type) through which running motivation 

was amplified. This quest is indeed rendered complex by the neuronal heterogeneity 

of the LH (Godfrey and Borgland, 2019; Mickelsen et al., 2019). However, our results 

are in line with recent findings based on specific targeting of the GABAergic neurons 

which project from the LH to the VTA (Stuber and Wise, 2016). Indeed, whilst the 

activation of LH glutamatergic projections promotes aversion, activation of LH-to-VTA 

GABAergic neurons reinforces nose-poking, induces real-time CPP (Nieh et al., 2016) 

and drives feeding (Barbano et al., 2016; Jennings et al., 2015; Schiffino et al., 2019). 

Rather than a direct control over dopaminergic neurons, LH GABA projections are 

thought to impinge onto VTA GABAergic neurons, thus disinhibiting their neighboring 

DA neurons and inducing pro-reward behaviors (Nieh et al., 2015, 2016). Noteworthy 

is the report by Charbogne and colleagues (Charbogne et al., 2017) of unaltered MOR 

mRNA levels in the LH of their Dlx5/6-MOR mice, as compared to their controls. This 

suggests that our Dlx5/6-CB1-KO (i.e. GABA-CB1-KO) mice did not bear CB1 receptor 

deletions from LH GABA neurons, even though direct evidence is lacking. A 

hypothetical mechanism for the phenotype of GABA-CB1-KO mice may involve a 

similar neurocircuit wherein (i) the CB1 receptor deletion from LH GABAergic neurons 

inhibits intrinsic VTA GABA interneurons, thus disinhibiting their neighboring 

dopaminergic neurons, hence favoring wheel-running motivation. However, definitive 

conclusions require the use of more specific viral strategies.  

Even though our results are preliminary and need to be confirmed, GABA-CB1 

receptors controlling wheel-running might be located on extrinsic GABAergic 

projections to the VTA. These are most likely different from D1R-expressing and LH 

GABAergic neurons. Other major GABAergic inputs to the VTA are projections from 

the rostromedial tegmental nucleus (RMTg), a major mediator of the acute rewarding 

effects of morphine (Jalabert et al., 2011; Matsui et al., 2014). As previously mentioned, 

the prominent involvement of VP in motivated behaviors renders VP GABAergic 

projections another potential candidate (Root et al., 2015; Watabe-Uchida et al., 2012) 

inasmuch as these neurons project to, and inhibit, VTA dopaminergic neurons 

(Hjelmstad et al., 2013).  
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2.6. VGAT cre-expressing mice as a complementary genetic approach 

As discussed above, using a cre recombinase driven by Dlx5/6 to delete CB1 receptors 

from GABAergic neurons might limit this deletion to the forebrain. With the aims to 

confirm that CB1 receptors on GABAergic neurons control running motivation and to 

evaluate the impact of a wider deletion of CB1 receptors from GABAergic neurons, we 

used a mouse line wherein the cre recombinase is driven by the Vgat gene promoter 

(Slc32a1tm2(cre)Lowl; Vong et al., 2011). Besides showing that VGAT-CB1-KO mice and 

GABA-CB1-KO mice resembled each other with respect to running and palatable 

feeding motivation, control experiments revealed that the VGAT cre recombinase 

might have had an intrinsic influence on running motivation. Additionally, because 

VGAT-cre (+) and VGAT-CB1-KO were agouti-coated whilst VGAT-cre (-) and VGAT-

CB1-WT were dark-coated, we wondered whether this last observation could also 

explain our results. Indeed, the Slc32a1 gene (which encodes the VGAT protein) is 

located 1.9 cM from the nonagouti locus (http://genome.ucsc.edu/cgi-

bin/hgTracks?db=mm10&lastVirtModeType=default&lastVirtModeExtraState=&virtMo

deType=default&virtMode=0&nonVirtPosition=&position=chr2%3A152784128%2D16

4379351&hgsid=972723991_pfgsMTAY7YEJ6dQiKokvJUtrlEXJ), which explains why 

both characters cannot be dissociated. Accordingly, genes included in this DNA 

portion, and possibly beyond, might also be involved in the regulation of running 

motivation. To solve this issue, we used another VGAT-cre line (i.e. the 

B6J.129S6(FVB)-Slc32a1tm2(cre)Lowl/MwarJ line, called VGAT*B6 hereafter) wherein 

multiple backcrosses in a C57Bl/6J genetic background allowed to selectively assess 

the impact of the VGAT-cre. The results show that the VGAT-cre is devoid of intrinsic 

effects on running motivation, hence allowing on-going breedings between VGAT-cre 

males and CB1-floxed females. 

However, these observations underline the need to control for the intrinsic impact of 

the cre recombinase constructs used to perform conditional gene deletion/expression. 

Confirmingly, Dlx5/6-cre mice, although lacking changes in running or palatable 

feeding motivation, were shown to be hypersensitive to the pro-convulsant drug 

pentylenetetrazol (Kim et al., 2013). Another illustration of that need is provided by the 

observation that choline acetyltransferase (ChAT) cre-expressing mice display deficits 

in locomotion, operant food training and nicotine effects (Chen et al., 2018).  
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2.7. CB1 receptor stimulation does not impact wheel-running 

motivation/performance 

Self-reports from sport practitioners using cannabis (i) prior to exercise to increase 

exercise pleasure and performance, and/or (ii) after exercising to alleviate post-

exercise fatigue (Nguyen, 2019; YorkWilliams et al., 2019) drove scientific interest into 

the relationships between cannabis use and exercise. However, despite anecdotal and 

self-report data, there is a lack of scientific evidence for a link between cannabis use 

and exercise performance/recovery. Even though cannabis plants contain hundreds of 

molecules (Andre et al., 2016), the psychotropic properties of THC are thought to 

underlie cannabis effects on exercise (Wachtel et al., 2002a). Together with the results 

discussed above describing the positive tonic control exerted by CB1 receptors on 

wheel-running (likely through VTA), we hypothesized that CB1 receptor stimulation 

increases exercise motivation. The results gathered with THC and the inhibitor of the 

2-AG-degrading enzyme, JZL184, argue against this hypothesis. The inability of these 

treatments to affect running motivation was not accounted for by the treatment 

protocols as (i) these proved effective in the past (Bellocchio et al., 2010; Busquets-

Garcia et al., 2011; Gianessi et al., 2020), and (ii) THC increased palatable food 

motivation (hence confirming previous reports: Barbano et al., 2009; Solinas and 

Goldberg, 2005), albeit in food-restricted mice (see above). These results thus suggest 

that CB1 receptor stimulation does not increase wheel-running 

motivation/performance, an observation in line with previous results in the lab showing 

the inability of THC to alter voluntary wheel-running in a dose range from 0.1 to 1 mg/kg 

(Dubreucq et al., 2013). We acknowledge that the putative beneficial effect of THC on 

motivation (through e.g. GABA-CB1 receptor stimulation) might have been hampered 

by its aversive effects at (i) CB1 receptors on VTA glutamatergic neurons (Han et al., 

2017) or at (ii) CB2 receptors on VTA dopaminergic neurons (Zhang et al., 2014). 

However, the former study suggests that THC at doses lower than 3 mg/kg does not 

target this subset of CB1 receptors (Han et al., 2017). Regarding its putative actions at 

CB2 receptors, previous works exclude any impact of CB2 receptor 

stimulation/blockade on wheel-running, at least under "free" running conditions 

(Dubreucq et al., 2013). Taken together, these results provide another illustration of 

the specificity of the interactions between the ECS and reward processes. It should be 

however noted that we evaluated the impact of an acute non-contingent injection of 
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THC whereas the human situation most likely implies voluntary chronic exposition 

(YorkWilliams et al., 2019). However, few studies evaluating the rewarding effects of 

the chronic administration of THC in rodents reported either no effect (Lewis and Brett, 

2010) or decreased performances (Scherma et al., 2017), suggesting that chronic 

treatment regimen would likely lead to similar observations as reported above. 

Regarding the contingency, we acknowledge that voluntary drug self-administration 

(Chen et al., 2008) or, as we recently demonstrate, operant wheel-running (Medrano 

et al., 2020), involve longer-lasting synaptic plasticity changes in reward-relevant areas 

than those observed using noncontingent drug injection or “free” wheel-running 

respectively. However, self-administration of THC proved difficult to maintain in 

laboratory rodents (in part due to the route of administration, Melis et al., 2017), 

precluding its use. Recently, a study in rats reported the ability of vaporized THC to 

reinforce operant responding under both FR and PR schedules (Freels et al., 2020), 

paving the way for future studies on the link between cannabis and exercise. 

 

3. Separate CB1 receptor populations control wheel-running and palatable food 
motivations 

In keeping with the above-mentioned role of CB1 receptors on motivation for several 

drug and nondrug rewards (Lupica and Riegel, 2005; Melis et al., 2012; Parsons and 

Hurd, 2015; Riegel and Lupica, 2004; Solinas and Goldberg, 2005; Solinas et al., 

2008), we wondered whether the control of running motivation by CB1 receptors on 

GABAergic neurons was reward-specific. We thus analyzed the role of CB1 receptors 

in the motivation for another natural reward, i.e. palatable food. We first confirmed that 

CB1 receptors control food motivation (Hernandez and Cheer, 2012; Sanchis-Segura 

et al., 2004; Solinas and Goldberg, 2005). The analysis of the respective drops in 

running and feeding motivation (- 79% and - 36%, respectively) in CB1-KO animals 

indicates that CB1 receptors exert a stronger control on running motivation. This 

difference might have been underestimated as mild food-restricted conditions were 

used for the estimation of palatable feeding motivation.  In addition, the latter was 

insensitive to the conditional deletions of CB1 receptors from GABAergic or 

glutamatergic neurons. This observation indicates that the control exerted by CB1 

receptors on GABAergic neurons on reward motivation is reward-specific. Thus, 

GABA-CB1-KO animals are less motivated for running, more motivated for cocaine 
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self-administration (Martín-García et al., 2016) or as motivated as their WT littermates 

for palatable food. Regarding Glu-CB1 receptors, we cannot exclude an involvement 

in the pleasure for palatable food, even though the consumption of the pellet earned 

did not differ between KO and WT (either in the percentage of pellet earned or in the 

number of pellets consumed by session). Indeed, our experimental set-up precludes 

the assessment of taste reactivities to the chocolate-flavored reward consumed, a 

widely accepted means to evaluate the hedonic reactions to ingestive rewards 

(Berridge, 2000; Steiner, 1973). Moreover, a recent study suggested that Glu-CB1 

receptors tonically control palatable food motivation (Domingo-Rodriguez et al., 2020). 

The discrepancy between our observations and the latter study may be accounted for 

by their use of fed mice and/or the duration of their conditioning sessions (5-h, as 

opposed to 1-h herein). Therefore, it might be hypothesized that, in addition to ad 

libitum feeding, a potential impact of this CB1 receptor deletion on hedonia might 

decrease the reinforcing value of palatable food and underlie their tonic regulation of 

it. 

It has been proposed that the role of the dopaminergic system is to regulate energy 

expenditure, doing so along two axes (i) conserve/expend energy and (ii) 

exploit/explore the environment, by integrating internal and external inputs (Beeler et 

al., 2012). According to such a framework, increasing dopaminergic activity would 

favor energy expenditure and exploration, hence two processes that might depend on 

running motivation (Atalayer and Rowland, 2011). This suggests that GABA-CB1 

receptors, through their regulation of the activity of VTA dopaminergic neurons, might 

be a potential mechanism in the regulation of energy expenditure, doing so in a 

resource-dependent manner. In favor of this hypothesis is the observation that such 

an activity did not differ between GABA-CB1-KO and their WT littermates during rest, 

but not after "free" wheel-running (Dubreucq et al., 2013). Thus, this receptor 

population might regulate the impact of the environment on mesolimbic dopaminergic 

neurons, e.g. favoring energy expenditure by controlling running motivation.  

 

4. CB1 receptors control the choice for wheel-running over palatable food 

The results presented above relied on experiments wherein running motivation and 

palatable feeding motivation were assessed separately. This differs from real-life 
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situation where individuals constantly face multiple reward alternatives, i.e. should I 

run or should I eat? Even though a complete ethological approach cannot be led in 

laboratory (but see below), recent studies showed that the lack of an alternative when 

assessing the motivation for a reward can be misleading (Ahmed, 2018; Ahmed et al., 

2013). Indeed, animals presented separately with cocaine and sucrose display higher 

breakpoints for the former whilst the latter is preferred when both are made concurrent 

in a choice setting (Cantin et al., 2010). Recent analyses indicate that such a choice is 

actually dictated by the kinetics of the respective effects of each reward on 

mesocorticolimbic dopaminergic neurons (Canchy et al., 2021). We thus developed 

and validated an operant conditioning protocol presenting both rewards separately 

before rendering them concurrent in a choice setting. Such a development indicates 

that the crucial control of running motivation by GABA-CB1 receptors extends to a 

choice situation. Moreover, within-session analyses of the kinetics of operant 

responding revealed that the preference for palatable food over wheel-running 

remained almost constant over the course of the session in CB1-KO and GABA-CB1-

KO, discarding a potential “first eat and then run” pattern that would bias the preference 

analyses due to the restricted time (1-h) sessions during which these analyses were 

performed. In addition, an hypophagic impact of wheel-running on palatable food 

intake could be discarded, confirming that wheel-running increases, rather than 

decreases, food intake in mice (as to compensate for running-elicited energy 

expenditure: Dubreucq et al., 2010). Temporal studies of operant food intake in 

animals housed with a running wheel bring evidence for an intercalation of caloric 

intakes between running bouts (Rowland et al., 2017), a possible explanation for such 

intercalated events being accounted for by a decreased risk for mice to be predated 

(Atalayer and Rowland, 2012). Even though of short duration, we acknowledge that 

the mild food restriction employed early in the protocol to facilitate learning might alter 

palatable food responding (Parkes et al., 2017). However, (i) this impact would over-

estimate, rather than under-estimate, palatable food responding and (ii) our results 

clearly demonstrate that GABA-CB1 receptors impact wheel-running whilst leaving 

unaffected palatable food responding.   

As mentioned above, the limited time length during which choices were proposed might 

limit our conclusion on the role of GABA-CB1 receptors. Although daily choice sessions 

occurred during the active phase of the light/dark cycle, the role exerted by these 
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receptors might not extend to the whole active phase. A second limit relates to the use 

of palatable food, as opposed to "standard" food. Although this kind of food allows a 

parallel with the choice between exercising and snacking, we acknowledge that the 

present results account for "exostatic", but not "homeostatic" eating, i.e. conditions 

during which the ECS plays differential roles (Piazza et al., 2017). A third limit is 

accounted for by the fact that mice are offered running in the operant chambers only, 

as opposed to feeding which also occurs in the home cage in ad libitum choice 

sessions. Then, it might be argued that the experimental conditions increase the 

salience of the running wheel at the expense of feeding. One last limit relates to the 

exclusive use of male mice, questioning the role of GABA-CB1 receptors in females. 

Besides the observation that pathologies, such as AN, wherein imbalances between 

feeding and running occur, are mostly observed in women (see “Introduction”), females 

might have differential regulatory mechanisms of energy balance, whether basal 

metabolic rate or coping reactions to body weight loss are concerned (Rowland et al., 

2017).  

One way to circumvent these limits consists in hosting mice in closed-economy settings 

wherein they need to nose poke (according to different reinforcement schedules; see 

below) to get access to standard food (3 x 20-mg pellets) and wheel-running (1 minute). 

This further allows (i) to evaluate the circadian pattern of running and feeding (ii) in 

effort-based conditions (iii) with the possibility to modulate the effort required for each 

reinforcer access. Note that this paradigm has been already developed for food intake 

(Atalayer and Rowland, 2012; Rowland et al., 2017, 2018). For this closed economy 

protocol, mice are first trained to nose poke (under FR1 reinforcement schedules in 

30-60 min sessions) for food and for running, these rewards being proposed alone and 

then in concurrence (as indicated above). Thereafter, they are placed in the operant 

chambers (displaying a 12:12 light/dark cycle similar to our normal hosting conditions, 

see “Materials & Methods”) with small shelters, nesting material, and free access to 

water bottles, the grids being replaced by drawers filled with sawdust. This protocol 

lasts 12 days, mice being placed under progressing FR schedules (FR1, FR3, FR10, 

FR30) with each schedule lasting 3 days. These progressing "prices" allow to calculate 

the so-called "essential values" (i.e. elasticity of the demand) for each reward (Hursh 

and Silberberg, 2008). On-going experiments yet indicate that (i) the essential value 

for feeding logically exceeds that for running, and (ii) the essential value for exercise, 
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but not that for food, is markedly decreased in both male and female GABA-CB1-KO 

mice, compared to their respective WT littermates in keeping with the deletion of CB1 

receptors from GABAergic neurons. These observations thus strengthen our 

hypothesis that GABA-CB1 receptors play a key role in running motivation, and hence 

energy expenditure.  

 

5. Increasing exercise motivation 

5.1. Glucocorticoid ergogenic effects do not involve increased exercise motivation 

Glucocorticoids, such as prednisolone, bear ergogenic properties that led to their ban 

from sport competition (WADA, 2020). These effects are mainly accounted for by 

peripheral impacts on metabolism increasing the energy provided to organs, and their 

anti-inflammatory role facilitating breathing and joint pain associated with sport practice 

(Adcock and Mumby, 2016; Magomedova and Cummins, 2015). However, the 

corticoids receptors (glucocorticoid receptors and mineralocorticoid receptors, GRs 

and MRs respectively) are also present in the brain (McEwen et al., 1986). 

Interestingly, GRs present in the mesolimbic system tonically control drug self-

administration, such as cocaine and amphetamine (Parnaudeau et al., 2014; Piazza 

and Moal, 1997) whereas they have been shown to be dispensable for the motivation 

for food (Parnaudeau et al., 2014). Furthermore, the phasic effects of glucocorticoids 

modulate drug- and natural reward acquisition, albeit in opposite directions (Gourley et 

al., 2008; Piazza and Moal, 1997) whilst corticosterone is self-administered in rats 

(Deroche et al., 1993). Altogether, these data suggest an interaction between GRs 

signaling and motivational processes, thus questioning their impact on another natural 

reward, namely exercise. Indeed, even though DA transmission is a common endpoint 

of drugs of abuse, GRs differentially regulate mechanistically different drug classes, 

e.g. cocaine versus morphine (Barik et al., 2010). Even though previous research 

suggested a tonic control of glucocorticoids on wheel-running performances (Duclos 

et al., 2009; Ebada et al., 2016), such observation cannot account for a potential impact 

on motivation (Belke, 1997). To address this question, we evaluated the effect of 

chronic prednisolone, the most studied ergogenic glucocorticoid in humans (Collomp 

et al., 2016), on wheel-running motivation and performance through operant 

conditioning and free wheel-running. Additionally, we evaluated the ergogenic impact 
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of our treatment through the wire-grid hanging test, proved to be sensitive to 

glucocorticoids ergogenic effects (Morrison-Nozik et al., 2015). Even though body 

weight decrease assesses the effectiveness of our treatment (due to early catabolic 

effects, Karatsoreos et al., 2010), prednisolone proved inefficient on running 

motivation. A major limit of this set of experiment is the muscle waste induced by our 

treatment (assessed by decreased body weight) that is unlikely to reflect a human 

performance-enhancing situation. In line with the latter point, the ergogenic and muscle 

atrophy effects of glucocorticoids involve separate pathways (Morrison-Nozik et al., 

2015). Moreover, it has been observed that the ergogenic effects in humans are mainly 

reported in endurance-based sports (Collomp et al., 2016), substantiated by pre-

clinical data reporting an increased time to exhaustion in treadmill running (Morrison-

Nozik et al., 2015). Whilst the latter observation questions the paradigm used in the 

present work, the treadmill running paradigm required to attain exhaustion in running 

animals involves trainings with electric shocks or air puffs, both of which are stressful 

manipulations rendering the discrimination between positive and negative 

reinforcements of running difficult.  

 

5.2. ABA phenotype is not accounted for by increased exercise motivation 

As above mentioned, although being one of the deadliest psychiatric conditions, the 

etiology and neurobiology of AN remain poorly described, in part due to a lack of 

suitable animal model (see “Introduction” and “Results – Chapter 3”). The present work 

evaluates the construct validity of the most accepted animal model of AN, namely the 

ABA model (Kim, 2012; Méquinion et al., 2015). Our strategy evaluated whether (i) 

known risk factors, such as female sex and childhood trauma (the latter modeled by 

PWIR, proved to bear long-term behavioral consequences relevant to psychiatric 

diseases, Fone and Porkess, 2008) would amplify the ABA phenotype, and whether 

(ii) the latter phenotype would model a core feature of AN, namely an imbalance 

between running and feeding drives. Except for our demonstration that the ABA model 

does not specifically capture these drives, this study proved negative regarding the 

initial hypotheses. One limit of our protocol involved the use of palatable food, which 

renders any strict parallel with the feeding behavior of anorexic patients limited. This is 

especially true considering that standard food and palatable food do not recruit the 

same neurobiological circuits (Fulton, 2010). However, the use of standard food in our 
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operant conditioning protocol would have required to maintain animals under mild food-

restriction as to maintain operant responding, a condition incompatible with our initial 

aim. Another limit is linked to the use of female mice inasmuch as one study reported 

that the amplitude of the motivation for cocaine self-administration varies with the 

phase of the estrous cycle (Calipari et al., 2017). It should be noted however that the 

total duration of ABA and operant protocols under FR3 schedules encompassed the 

duration of a complete estrus cycle. Obviously, one means to deal with these limits is 

to examine the impacts of gender and early trauma in mice placed under the above-

mentioned closed economy conditions. This is one experimental investigation we 

would like to pursue in the near future.
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CONCLUSION 

Through the development of an operant conditioning protocol allowing to discriminate 

(i) wheel-running motivation from performance, and (ii) wheel-running motivation from 

palatable feeding motivation, the present work demonstrates the specific role played 

by CB1 receptors located on GABAergic neuron on running motivation. Our results 

suggest that this control is likely exerted within the VTA. However, the identity of the 

GABAergic neuronal population expressing these receptors remains to be 

characterized. The preliminary results presented here suggest that this GABAergic 

population might represent extrinsic projection neurons impinging onto the VTA, even 

though the origin of such a projection remains to be determined.  

The present work also investigates means to positively modulate wheel-running 

motivation. As opposed to their tonic role on running motivation, stimulation of CB1 

receptors proved ineffective to augment motivation for running. In addition, whilst 

glucocorticoids modulate reward-processing, our results suggest that their ergogenic 

effects are not accounted for by a stimulation of exercise motivation. Finally, the 

present work suggests that the ABA paradigm, a widely used animal model of AN, 

does not lead to exercise hyper-motivation, one core feature of this pathology. 

In conclusion, the present work provides a frame allowing to study motivation 

imbalances between exercise and feeding which should prove helpful for the 

development of obesity and AN models. By unraveling the crucial role of CB1 receptors 

on exercise motivation, we provide a potential neurobiological mechanism underlying 

sedentariness. Future studies under closed-economy conditions will greatly help to 

further dissect this role under conditions with closer translational relevance  
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Introduction
Physical inactivity is a global pandemic, with a mean mortality rate reaching 9% worldwide (1) and an annu-
al economic burden exceeding 50 billion dollars (2). One illustration of  the negative health consequences 
of  physical inactivity is provided by a 20-year survey of  US adults, indicating that physical inactivity, rather 
than caloric intake, associates with abdominal obesity (3). The lack of  intrinsic motivation (as opposed to 
the extrinsic motivation, which finds its roots externally; ref. 4) to initiate exercise and the lack of  pleasure 
to adhere in the long-term to exercise programs are the major causes of  physical inactivity (5). Hence, these 
observations render crucial the identification of  the neurobiological mechanisms controlling the motivation 
to run. Due to its volitional and highly rewarding properties, the use of  wheel running has been privileged 
as an animal model of  human exercise (6). Several neurobiological candidates (e.g., leptin, opiates) have 
been proposed as regulators of  intrinsic running motivation (7, 8), but these proposals rely on after-running 
conditioned preference tests, which bear two limits of  interpretation. The first is linked to the evidence that 
running motivation and the motivation consecutive to running are independent processes (9). The second 
lies into the inability of  preference tests to discriminate between reward motivation and consumption. This 
distinction is essential because (a) appetitive motivation (i.e., “wanting”) finds its roots in the relationship 
between the incentive value of  the reward and the maximal effort achieved to access that reward, while (b) 

The lack of intrinsic motivation to engage in, and adhere to, physical exercise has major health 
consequences. However, the neurobiological bases of exercise motivation are still unknown. This 
study aimed at examining whether the endocannabinoid system (ECS) is involved in this process. 
To do so, we developed an operant conditioning paradigm wherein mice unlocked a running wheel 
with nose pokes. Using pharmacological tools and conditional mutants for cannabinoid type-1 (CB1) 
receptors, we provide evidence that CB1 receptors located on GABAergic neurons are both necessary 
and sufficient to positively control running motivation. Conversely, this receptor population 
proved dispensable for the modulation of running duration per rewarded sequence. Although the 
ECS mediated the motivation for another reward, namely palatable food, such a regulation was 
independent from CB1 receptors on GABAergic neurons. In addition, we report that the lack of CB1 
receptors on GABAergic neurons decreases the preference for running over palatable food when 
mice were proposed an exclusive choice between the two rewards. Beyond providing a paradigm 
that enables motivation processes for exercise to be dissected either singly or in concurrence, this 
study is the first to our knowledge to identify a neurobiological mechanism that might contribute to 
sedentary behavior.

https://doi.org/10.1172/jci.insight.126190
https://doi.org/10.1172/jci.insight.126190
https://doi.org/10.1172/jci.insight.126190


2insight.jci.org   https://doi.org/10.1172/jci.insight.126190

R E S E A R C H  A R T I C L E

the consummatory process is linked to the perceived hedonic properties of  the reward (10, 11). Actually, the 
former, but not the latter, process is dependent on mesolimbic dopaminergic activity (10, 11), a major com-
ponent of  the reward circuitry (12, 13).

In addition to leptin and opioids, the endocannabinoid system (ECS) might play a role in setting the 
rewarding properties of  rodent wheel running and hence human exercise. Pharmacological blockade or 
genetic deletion of  the main cannabinoid receptor in the brain, namely the cannabinoid type-1 (CB1) recep-
tor (14), inhibits mouse voluntary running (15, 16). As CB1 receptors located on GABAergic terminals are 
involved therein (ref. 16, but see ref. 17), this receptor subpopulation might control running motivation. 
However, because the estimation of  reward motivation requires the measurement of  the efforts that an 
individual accepts to pay for reward access (11, 18), free wheel-running performance might not document 
on motivation. This hypothesis is reinforced by the findings that rat (19) or mouse (20) wheel-running per-
formance was found not to be predictive of  the amount of  efforts (i.e., motivation) the animals afforded to 
access the wheel under costly conditions. With access to a reward — provided alone or within a choice — 
dictated by an effort (e.g., lever pressing, nose poking) imposed by the experimenter, operant conditioning 
is an ideal paradigm to measure motivation (11). Although operant procedures have been used to uncover 
the rewarding property of  wheel running in rats (19, 21, 22), its neurobiological bases are still unidentified. 
Here, we first developed a mouse operant procedure to dissect the role of  the ECS in running motivation 
through pharmacologic and genetic tools. We next adapted that procedure to examine the effect of  the ECS 
on the choice between exercise and palatable food. This study reports that CB1 receptors on GABAergic 
neurons positively control the motivation for running but not for palatable feeding when these rewards are 
made concurrent, hence identifying a neurobiological process that might be involved in sedentary behavior.

Results
CB1 receptors are necessary for running motivation. A mouse operant procedure was developed wherein the cost, i.e., 
nose poke (NP) performance (Figure 1A), to temporarily (1 minute) unlock a running wheel was held constant 
under 60-minute fixed ratio (FR) reinforcement schedules before being incremented after each running sequence 
during a 60-minute progressive ratio (PR) session. By providing the maximal effort cost accepted — as quanti-
fied through the number of NP and hence the breakpoint level (i.e., the last reinforced ratio) — the PR session 
allows estimation of reward motivation (23). We first ensured that our protocol allowed us to uncover in mice 
the rewarding properties of wheel running that have been most often reported in rats (19, 21, 22). One criterion 
defining such a property is the reinstatement of reward seeking after an extinction period during which nose 
poking is ineffective (24). In confirmation of this, mice trained under FR conditions (Figure 1B) and exposed 
to extinction sessions (Figure 1C) displayed a significant cue-induced reinstatement of exercise seeking (Figure 
1D). A second criterion is the ability of dopamine (DA) receptor antagonists to reduce the breakpoint level 
(10, 11). Systemic pretreatment with the DA D2 receptor antagonist haloperidol in trained mice (Figure 1E) 
decreased both the number of active NP and the breakpoint level (Supplemental Figure 1; supplemental material 
available online with this article; https://doi.org/10.1172/jci.insight.126190DS1) during the PR session (Fig-
ure 1F). This occurred without any change in the running duration at each rewarded sequence, excluding any 
cataleptic effect (Figure 1F). In keeping with the inhibitory effect of haloperidol on wheel-running motivation 
(as evidenced in the PR session) on the one hand, and the key role of the mesolimbic dopaminergic system in 
reward motivation on the other hand, we next wondered whether a link between running motivation and the fir-
ing activity of mesolimbic DA neurons could be established. To isolate the effect of running motivation (reward 
“wanting”) from wheel running per se (reward “consumption”) during the PR test, we trained mice under FR 
schedules in pairs/triplets. Each pair/triplet consisted of 1 “operant” mouse, which went through FR sessions 
as described above, with the exception that completion of the required NP freed both its own wheel and that 
of 1 “yoked” mouse or 2 yoked mice, which was/were thus able to run without prior effort (Figure 1G). These 
mice were compared with “control” mice, which were placed in operant chambers with locked wheels during all 
FR and PR sessions. One hour after PR sessions — which confirmed that operant and yoked mice had similar 
wheel-running performance (Figure 1H) — we performed electrophysiological recordings in ventral tegmental 
area (VTA, the origin of the mesocortical dopaminergic pathway) DA cells (n = 7–13/mouse) of anesthetized 
control, operant, and yoked mice (Figure 1I). Although the firing rate of DA cells in operant mice (4.59 ± 0.24 
Hz, n = 102 neurons) did not significantly differ from that of the controls (4.19 ± 0.26 Hz, n = 57 neurons) or the 
yoked mice (4.17 ± 0.23 Hz, n = 115 neurons), it was observed that the mean firing rate of DA cells was posi-
tively linked to the individual number of active NP of operant mice (Figure 1J) but not to the individual running 
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Figure 1. The rewarding effect of conditioned wheel running is linked to dopaminergic activity. (A) Operant chamber set up with active/inactive nose poke 
(aNP/iNP) ports. (B–D) NP performed by CB1-WT mice during fixed ratio (FR) and extinction sessions and during a cue-induced reinstatement session (n = 10). 
(E) NP performed by C57BL/6N mice during the acquisition phase of conditioned wheel running (n = 34). (F) Intraperitoneal administration of haloperidol (n = 9 
at 0.15 mg/kg haloperidol and n = 10 at 0.3 mg/kg haloperidol vs. n = 15 for vehicle) prior to a progressive ratio (PR) session (session 13) decreased the maximal 
performance of aNP but not the running duration per sequence. (G) Chamber set-up protocol in C57BL/6N mice that distinguishes the respective effects of (a) the 
exposure to operant chambers with inactive wheels (controls; n = 6), (b) wheel running elicited by prior aNP performance (operant; n = 10), and (c) wheel running 
elicited by prior aNP performance of an operant congener (yoked mouse; n = 12). (H) aNP/iNP performed by the operant mice (n = 10) and duration of wheel running 
in operant and yoked mice (n = 12) during FR/PR sessions. (I) Schematic illustration of the electrophysiological recording of VTA dopaminergic neurons with 
representative electrophysiologic traces of these neurons in control mice, in weakly (low PR) and highly (high PR) motivated operant mice, and in yoked mice. (J) 
Relationship between the number of aNP performed during the PR session and the firing rate of VTA dopaminergic neurons in operant mice. (K) Lack of relation-
ship between running duration during the PR session and the firing rate of VTA dopaminergic neurons in yoked mice. Data represent mean ± SEM. **P < 0.01 for 
2-group comparisons by Student’s t tests (D) and for multiple-group comparisons performed by Tukey’s test when 1-way ANOVA provided significant variable 
interaction (F) In J and K, P values were obtained by 1-way ANOVA for regression lines; the numbers above/below means refer to the numbers of recorded neurons 
per mouse. Numbers above/below means refer to the numbers of recorded neurons per mouse (J and K). Scale bar: 1 second (I).
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duration of the yoked mice (Figure 1K).
Having ensured that our operant protocol allowed us (a) to measure wheel-running motivation and 

(b) to discern, including through electrophysiological means, running motivation from mere wheel 
consumption, we next investigated the role of  the ECS in each of  these two behavioral dimensions. 
First, mice conditioned as above (Figure 2A) and bearing similar FR3 performances to their respective 
vehicle-injected counterparts (Figure 2, B and C) were administered either of  2 CB1 receptor antag-
onists, namely SR141716 or O-2050 (14, 25), before the PR session. These pretreatments reduced by 
47% ± 15% and 72% ± 15%, respectively, the numbers of  active NP performed during the PR session 
(Figure 2, B and C, and Supplemental Figure 1), without affecting the running duration per sequence 
(Figure 2, B and C). Consistently, mutant mice bearing a general deletion of  CB1 receptors (CB1-KO 
mice; refs. 15, 16, 26) performed fewer active NP during both FR sessions (Figure 2D) and the PR 
session (Figure 2F and Supplemental Figure 1 for breakpoints) but displayed similar running duration 
(and distance covered: Supplemental Figure 2) per rewarded sequence, compared with their WT litter-
mates (Figure 2, E and F). Equivalent NP hole discrimination rates in both genotypes (Supplemental 
Figure 1) ruled out learning deficits in CB1-KO mice. With respect to the PR session, it is noteworthy 
that the constitutive mutation of  CB1 receptors yielded a 79% ± 11% reduction in the number of  
active NP performed during the PR test, indicating a major role for CB1 receptors in the control of  
wheel-running motivation. In keeping with the observation that the latter is tightly linked to the fir-
ing activity of  VTA DA neurons (Figure 1J), we next wondered whether this CB1 receptor–mediated 
control of  wheel-running motivation involved local (i.e., VTA) CB1 receptors to a significant extent. 
Infusion with the selective CB1 receptor antagonist AM251 (Figure 2G) in the VTA of  mice trained 
beforehand to the conditioning procedure (Figure 2H) decreased by 70% ± 14% the number of  active 
NP performed during the PR session (Figure 2I and Supplemental Figure 1), compared with vehicle 
infusion, without altering the running duration per sequence (Figure 2I). Taken together, these phar-
macologic and genetic findings indicated that CB1 receptors exert major control on wheel-running 
motivation, these receptors being located to a significant extent in the VTA.

CB1 receptors on GABAergic neurons are necessary and sufficient for running motivation. As shown in Figure 
3, A–C, the above-mentioned deficit in the numbers of  active NP — but not in the time spent running per 
rewarded episode — performed by CB1-KO mice exposed to FR/PR sessions extended to mice lacking 
CB1 receptors in forebrain GABAergic neurons (GABA-CB1-KO mice; refs. 16, 27, 28). Of  note was the 
finding that the reduction in the number of  active NP performed by GABA-CB1-KO mice during the 
PR session, compared with that of  GABA-CB1-WT mice, reached 57% ± 9% (Figure 3C), a percentage 
reduction that did not significantly differ from that displayed by CB1-KO mice (see above). This indicated 
that CB1 receptors located on GABAergic neurons play a major, if  not unique, role in the CB1 receptor–
dependent control of  wheel-running motivation. Although GABA-CB1-KO mice did not differ from their 
WT littermates with respect to reward consumption (i.e., running duration per sequence), they displayed 
a reduction in their mean running distance per sequence (Supplemental Figure 2), hence suggesting 
decreased running speed. Taking into account the finding that CB1 receptor subpopulations in GAB-
Aergic neurons and in glutamatergic neurons have been reported to play opposite roles in several func-
tions (e.g., ref. 28), we extended our investigation to mice with a deletion of  CB1 receptors in (cortical) 
glutamatergic neurons (Glu-CB1-KO mice; refs. 16, 27, 28). Compared with their WT littermates, these 
mice displayed similar NP responding (and breakpoint levels; Supplemental Figure 1) during FR/PR 
sessions (Figure 3, D and F). However, these mutant mice differed from WT mice in that they showed an 
increased duration of  running per rewarded sequence (Figure 3, E and F), a trend that was also observed 
in the last FR3 sessions when the mean distance ran per sequence was considered (Supplemental Fig-
ure 2). The finding that CB1 receptors on GABAergic neurons, but not on glutamatergic neurons, were 
necessary for running motivation led us to investigate whether this receptor subpopulation played also 
a sufficient role. Mice bearing a loxP-flanked Stop cassette placed before the open reading frame of  the 
CB1 receptor gene (29) were crossed with mice expressing the Dlx5/6-Cre recombinase so as to reexpress 
CB1 receptors selectively in GABAergic neurons (GABA-CB1-Rescue; ref. 30). Stop-CB1 mice behaved 
similarly to CB1-KO mice under FR/PR schedules of  reinforcement, except for the running duration per 
sequence, which stabilized later (Figure 3, G and H). Compared with Stop-CB1 mice, GABA-CB1-Rescue 
mice displayed increased active NP responses during FR and PR sessions (Figure 3, G and I, and Supple-
mental Figure 1). Taken together, these results indicated that CB1 receptors on GABAergic neurons are 
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both necessary and sufficient for running motivation.
CB1 receptors on GABAergic neurons are dispensable for feeding motivation in food-restricted mice. As the ECS sets 

the motivation for numerous rewards, whether natural or not (31, 32), we considered the possibility that the 
control of running motivation by CB1 receptors on GABAergic neurons might be reward unspecific. Therefore, 
we analyzed in food-restricted mice the motivation for palatable feeding (Figure 4A), another ECS-mediated 
process (33–35), under pharmacologic or genetic manipulations of its activity. The acute administration of  
SR141716 decreased feeding motivation (by 54% ± 7%) and hence food pellet consumption during the PR 
session (Figure 4, B and C). Accordingly, the deletion of CB1 receptors decreased feeding motivation/con-
sumption throughout all FR sessions (Figure 4, D and E) and the PR test (Figure 4F). The difference in feeding 
motivation between CB1-WT mice and CB1-KO mice tested during the PR session, albeit significant, was found 

Figure 2. CB1 receptors control running motivation. (A) Active/inactive nose poke (aNP/iNP) performed by C57BL/6N mice during the acquisition phase 
of conditioned wheel running (n = 39). (B and C) Intraperitoneal administration of SR141716 (n = 12 vs. n = 12 for vehicle; B) or O-2050 (n = 8 vs. n = 7 for 
vehicle; C) prior to a progressive ratio (PR) session (session 13) decreased the maximal performance of aNP but not the running duration per sequence (n = 
5 for that variable in O-2050–treated mice). (D and E) CB1-KO mice (n = 7) displayed fewer aNP, but not a defective running performance per sequence, com-
pared with their WT littermates (n = 9). (F) aNP responses, but not the running duration per sequence, were reduced in CB1-KO mice (n = 6) tested under 
a PR schedule of reinforcement (session 13), compared with WT littermates (n = 13). (G) Schematic illustration of the bilateral infusion of the CB1 receptor 
antagonist AM251 in the ventral tegmental area (VTA) of C57BL/6N mice, with an image of a coronal section showing the injection sites. (H) NP responses 
before and after VTA cannula implantation in C57BL/6N mice (n = 24). (I) Intra-VTA infusion of AM251 decreases the maximal number of aNP performed 
during the PR session (n = 10), but not the running duration per rewarded sequence (n = 4), compared with vehicle-perfused mice (n = 14 and n = 10 for 
each variable, respectively). Data represent mean ± SEM. *P < 0.05, **P < 0.01 for 2-group comparisons by Student’s t tests (B, C, F, and I) and for overall 
genotype differences in 2-way ANOVA (D). Scale bar: 2 mm (G).
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to be of lower amplitude (36% ± 5%) than that reported above for wheel running (79% ± 11%; P = 0.002 by 
Mann-Whitney test). As opposed to the whole-body deletion of CB1 receptors, their selective deletion from 
GABAergic neurons did not alter the motivation for, and the consumption of, food during FR and PR sessions 
(Figure 4, G–I), an observation that extended to Glu-CB1-KO mice (Figure 4, J–L).

CB1 receptors on GABAergic neurons are involved in the preference for wheel running over palatable food intake 
in ad libitum–fed and food-restricted mice. Recent works have indicated that the study of  motivation process-
es for a particular reward might provide misleading conclusions due to the lack of  an alternative for that 
reward (36, 37). Taking into account this major observation, we next examined the role of  CB1 receptors on 
wheel-running motivation in animals confronted with a reward choice translatable to human day life, i.e., 
exercise versus palatable feeding. We thus set a protocol wherein mice were first tested for each reward pro-

Figure 3. CB1 receptors on GABAergic neurons play a necessary and sufficient role on running motivation. (A–C) Decreased active nose pokes (aNP), 
but not running performance, in GABA-CB1-KO mice during fixed ratio (FR) and progressive ratio (PR) sessions (n = 12), compared with their WT lit-
termates (n = 21). (D) Similar NP responses in Glu-CB1-WT (n = 15) and Glu-CB1-KO (n = 9) mice during FR sessions. (E and F) The running duration per 
rewarded sequence was increased during FR and PR sessions in Glu-CB1-KO mice, compared with Glu-CB1-WT mice. (G) Reexpression of CB1 receptors 
in GABAergic neurons (n = 14) increased active NP during FR sessions, compared with Stop-CB1 mice (n = 9). (H) This behavior was associated with 
increased running duration per running sequence during FR sessions. (I) Increased active NP, but not running performance, in GABA-CB1-Rescue mice 
during the PR session (n = 14), compared with Stop-CB1 mice (n = 9 and 4 for NP and running performance, respectively). Data represent mean ± SEM. 
*P < 0.05, **P < 0.01, ***P < 0.001 for 2-group comparisons by Student’s t tests (C, F, and I) and for main genotype significance in the 2-way ANOVA 
(A, G, and H). All PR tests were performed during sessions 13.
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Figure 4. CB1 receptors on GABAergic neurons are dispensable for palatable food motivation in food-restricted mice. (A) Operant chamber set up 
with active/inactive nose poke (aNP/iNP) ports. (B) NP performed by C57BL/6N mice during fixed ratio (FR) sessions (n = 14). (C) Intraperitoneal 
administration of SR141716 decreased the maximal numbers of NP and pellets consumed during a progressive ratio (PR) session (session 13), compared 
with vehicle (n = 7 for each). (D and E) Decreased aNP and food pellets consumed (P < 0.0001) by CB1-KO mice (n = 16) during FR sessions, compared 
with WT mice (n = 12). (F) aNP and food pellets consumed were lower in CB1-KO mice than in WT mice during the PR (n = 16 and 12, respectively). (G–I) 
NP and food pellets consumed during FR/PR sessions did not differ between GABA-CB1-WT mice (n = 17) and GABA-CB1-KO mice (n = 15). (J–L) aNP 
and food pellets consumed during FR/PR sessions did not differ, respectively, between Glu-CB

1
-WT mice (n = 12) and Glu-CB

1
-KO mice (n = 11). Data 

represent mean ± SEM. *P < 0.05, ***P < 0.001 for 2-group comparisons by Student’s t tests (C and F) and for main genotype significance in the 2-way 
ANOVA (D and E). All PR tests were performed during sessions 13.
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vided alone before both rewards were made concurrent (Figure 5A). Moreover, to ensure that our protocol 
captured preference changes when the incentive salience of  one reward was altered, mice were tested under 
ad libitum food conditions before being food restricted for the last 2 days of  the experiments. When each 
reward was provided alone, response numbers for wheel running were higher than those for palatable food 
in all genotypes, except for CB1-KO mice and GABA-CB1-KO mice (Supplemental Figure 3). These trends 
were amplified when rewards were made concurrent. Thus, ad libitum–fed CB1-WT mice (Figure 5, B and 
D), GABA-CB1-WT mice (Figure 5, E and G), and Glu-CB1-WT mice and Glu-CB1-KO mice (Figure 5, 
H–J) displayed increased preference for running over feeding, while the opposite was true for CB1-KO mice 
(Figure 5, C and D) and GABA-CB1-KO mice (Figure 5, F and G). Under food restriction, a progressive 
increase in food seeking was observed, and this increase was strong enough to evoke or amplify (GABA-CB1-
KO mice) food preference over running (Figure 5, B–J). Because the data gathered under ad libitum feeding 
conditions relied on whole-session analyses, we could not exclude the possibility that CB1-KO mice and/
or GABA-CB1-KO mice actually displayed temporary within-session preferences for the wheel over feeding 
that were masked when analyzed at the whole-session level. Kinetic analyses (using 10-minute periods as 
within-session units) of  rewarded events allowed us to reject this possibility. Thus, as opposed to their respec-
tive WT littermates (Figure 6, A and C), CB1-KO mice and GABA-CB1-KO mice performed stable numbers 
of  wheel-rewarded NP throughout the entire sessions, and these numbers were reduced when compared 
with the numbers of  food-rewarded NP (Figure 6, B and D, and Supplemental Figure 4).

Discussion
The crucial need to use effort-based paradigms to define the neurobiological bases of  exercise motivation 
led us to develop an operant conditioning protocol in which NP responding under FR/PR schedules of  
reinforcement was a prerequisite for mice to be able to perform wheel running. We provided evidence in 
preliminary experiments that our FR protocol showed the high reinforcing property of  wheel running, as 
illustrated by a cue-induced reinstatement of  wheel running seeking after an extinction period. This conclu-
sion was strengthened by the observation that our mice did not need to be partly food deprived prior to the 
operant running sessions, a procedure often used to facilitate the reinforcing efficacy of  natural and drug 
rewards. Taking advantage of  our procedure, we next examined whether we could refine our knowledge of  
the relationships between wheel running and the activity of  VTA DA neurons. Past studies have indicated 
that (a) burst firing of  VTA DA cells might be observed at onsets and offsets of  wheel-running episodes (38); 
(b) acute treadmill running increases extracellular DA levels in the nucleus accumbens, the main projection 
of  mesolimbic DA neurons (39); and (c) transcripts of  tyrosine hydroxylase, the rate-limiting enzyme in 
DA synthesis, are increased in the VTA of  chronic wheel-runners (40). However, it is noteworthy that these 
studies involved free (i.e., costless) wheel-running access (38, 40) or forced treadmill running (39), leaving 
unsolved the question as to the strength of  the link, if  any, between running motivation and the mesolimbic 
DA system. In a first series of  experiments, we analyzed whether the D2 receptor antagonist haloperidol, 
which was shown to be effective against the motivational drives for other rewards (11, 18), affected running 
motivation. Indeed, noncataleptic doses (as revealed by the mean running durations per running sequenc-
es) of  haloperidol decreased running motivation in a dose-dependent manner. This observation gave rise 
to the key issue of  the respective links between the motivation drive (as assessed from PR scores) on the 
one hand, and the consummatory drive (as assessed by wheel-running performance) on the other hand, 
and VTA dopaminergic activity. To deal with this crucial need to separate running motivation from run-
ning exertion, we set a protocol that to our knowledge is unique in the present field. Hence, operant mice 
(which displayed running motivation and consumption), yoked mice (which were only allowed running 
consumption, the level of  which was experimentally set at that performed by operant mice), and control 
mice (to include the intrinsic effect of  the transfers/exposures to the chambers in the first 2 mouse groups) 
were respectively compared for their VTA dopaminergic activities. The results, which indicated a positive 
link between the desire to run (but not running duration) and the firing activity of  DA cells, provide for the 
first time to our knowledge direct evidence for a stimulatory effect of  running motivation on the activity 
of  the mesolimbic system. Taken together, the results gathered during this validation step of  our operant 
conditioning protocol allowed us to shift to an analysis of  the role of  the ECS in running motivation.

To our knowledge, the sole study on the role of  the ECS on operant wheel running refers to rats (41), a 
species in which a genetic identification of  the cell type(s) involved in such a role is, however, rendered com-
plex. In the latter study, the acute administration of  SR141716 triggered a significant decrease in breakpoint 
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levels without altering the mean number of  revolutions performed per reinforcer (41). However, (a) these rats 
were maintained at 90% of their body weight, thus raising the question of  whether this result was extendable 
to ad libitum–fed animals, and (b) a high dose (i.e., 10 mg/kg), but not low-to-moderate doses (1–3 mg/
kg), of  SR141716 proved efficient, raising the issue of  the extent to which the ECS was selectively involved. 
By means of  2 different CB1 receptor antagonists, one of  which, namely O-2050, is thought to be a neutral 
antagonist (25), we extend to (ad libitum–fed) mice the above-mentioned report that the ECS controls in a 
tonic manner rat running motivation. Of interest was our finding that CB1 receptor antagonists decreased 
running motivation without an effect on the time spent running per rewarded sequence. In line with our elec-
trophysiological experiments and the general belief  that reward access and reward consumption are separate 
entities (10, 11), this last observation strongly suggested that the ECS specifically controls wheel-running 
motivation but not wheel running per se. The behaviors of  CB1-KO mice when placed under PR schedules of  
reinforcement, i.e., decreased numbers of  active NP but no alteration in the time spent running per sequence 
(compared with their WT littermates), provided an experimental support for our pharmacological results. 

Figure 5. CB1 receptors on GABAergic neurons gate the motivation for running over palatable food in ad libitum–fed mice and food-restricted mice. (A) 
Operant chamber set up with active/inactive nose poke (aNP/iNP) ports. (B) Fed, but not food-restricted, CB1-WT mice (n = 10) displayed more aNP for wheel 
running than for food during fixed ratio 3 (FR3) choice sessions. (C) Fed and food-restricted CB1-KO mice (n = 6) performed fewer aNP for wheel running than 
for food during choice sessions. (D) Preference scores for wheel running were lower in CB1-KO mice than in CB1-WT mice. (E) Fed, but not food-restricted, 
GABA-CB1-WT mice (n = 8) displayed more aNP for wheel running than for food during choice sessions. (F) Fed and food-restricted GABA-CB1-KO mice (n 
= 12) performed fewer aNP for wheel running than for food under FR3 schedules of reinforcement. (G) Preference scores for wheel running were lower in 
GABA-CB1-KO mice than in GABA-CB1-WT mice under fed and food-restricted conditions. (H and I) Fed, but not food-restricted, Glu-CB1-WT mice (n = 5) and 
Glu-CB1-KO mice (n = 5) displayed more aNP for wheel running than for food during choice sessions. (J) Preference scores for wheel running were similar in 
Glu-CB1-WT and Glu-CB1-KO mice. Data represent mean ± SEM. *P < 0.05, **P < 0.01 for comparisons between wheel and food (performed by Tukey’s test 
if the 2-way ANOVA provided significant variable interaction; B, E, H, and I) and for main significance in the 2-way ANOVA between the rewards (C, D, F, and 
G). +P < 0.05, ++P < 0.01 for comparisons between wheel preference scores and nonpreference (50%) by 1-tailed Student’s t tests (D, G, and J).
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The additional finding that the intra-VTA infusion with the CB1 receptor antagonist AM251 (which exerts 
stronger central actions than SR141716; ref. 16) decreased to a major extent running motivation indicates that 
most, if  not all, of  the tonic control exerted by CB1 receptors on running motivation — but not on running 
performance — finds its roots in the VTA. This conclusion is in keeping with the key role exerted by VTA 
CB1 receptors on the mesolimbic system and hence motivation for natural and nonnatural rewards (31, 32).

The differential consequences of  the deletion of  CB1 receptors on running motivation and the time 
spent running during each rewarded sequence were fully recapitulated in mice lacking CB1 receptors on 
GABAergic neurons. Besides questioning whether the latter receptor subpopulation is partly/fully located 
in the VTA, these results raise several issues. The first relates to the dichotomy between (a) the consequenc-
es of  the whole body deletion of  CB1 receptors or the specific deletion of  CB1 receptors from GABAergic 
neurons on the numbers of  effort-based approaches to the wheel during FR/PR sessions and (b) the lack 
of  effect of  these deletions on the time spent running per rewarded sequence during these sessions. Thus, 
as opposed to the time spent running per rewarded sequence, the deletion of  CB1 receptors from GAB-
Aergic neurons — but not their deletion form the whole body — decreased the distance ran per rewarded 
sequence. This trend, which was especially pronounced during the first FR sessions, suggests that running 
speed is tonically controlled by CB1 receptors located on GABAergic neurons. It should be noted that 
the latter conclusion might, however, only apply to the present operant protocol, because GABA-CB1-KO 
mice provided access to running wheels under no-cost conditions display equivalent reductions in running 
durations and distances (16). The second issue relates to the finding that the mean percentage of  reduction 
in the number of  NP responses displayed by CB1-KO mice exposed to the PR session, compared with their 

Figure 6. Time-independent decreases in wheel-running preference over palatable feeding in ad libitum–fed CB1-KO 
mice and GABA-CB1-KO mice. (A and B) Fed CB1-KO mice (n = 6), but not fed CB1-WT mice (n = 10), displayed a time-in-
dependent decrease in mean wheel-running sequences, compared with feeding sequences, during the first 5 choice 
sessions. (C and D) Fed GABA-CB1-KO mice (n = 12), but not fed GABA-CB1-WT mice (n = 8), displayed a time-indepen-
dent decrease in mean wheel-running sequences, compared with feeding sequences, during the first 5 choice sessions. 
Data represent mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 for the overall differences between rewards in the 
2-way ANOVA (B–D). *P < 0.05, **P < 0.01 for the time-dependent differences (Tukey’s test) following significant time 
× reward interactions in the 2-way ANOVA (A).
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WT littermates, did not significantly differ from that measured in GABA-CB1-KO mice exposed to that ses-
sion, compared with their respective WT littermates. Although this lack of  difference might be taken as an 
argument for the main involvement of  CB1 receptors in GABAergic neurons in the ECS-mediated control 
of  running motivation, we cannot exclude the involvement of  other CB1 receptor subpopulations (includ-
ing in noncortical glutamatergic neurons). If  so, these subpopulations, however, might only play a minor 
role on running motivation. Such an hypothesis is somewhat supported by our additional finding that the 
selective reexpression of  CB1 receptors in GABAergic neurons in mice lacking CB1 receptors markedly 
amplified NP performance during FR and PR sessions. The extent to which CB1 receptors on GABAergic 
neurons exert such a sufficient role on running motivation is unknown. Thus, although this study involved 
two mouse models lacking CB1 receptor expression (i.e., gene deletion for CB1-KO mice, gene silencing for 
Stop-CB1 mice: refs. 26, 29), the difference in their genetic grounds renders any comparison between these 
mouse lines, including a comparison between CB1-WT mice and GABA-CB1-Rescue mice, uneasy. As an 
illustration, the performance of  Stop-CB1 mice was found to be worst than that of  CB1-KO mice when 
exposed to FR/PR sessions. This difference might be accounted for by the fact that Stop-CB1 mutant mice 
have a Stop-CB1 mother, i.e., a mother that might be prone to maternal neglect behaviors due to the lack of  
CB1 receptor expression (42), a limit that does not apply to CB1-KO mice, which are bred with heterozygote 
CB1-KO/CB1-WT mothers. Finally, mice lacking CB1 receptors in cortical glutamatergic neurons displayed 
increased running duration per sequence during FR and PR sessions, without any alteration in the appe-
titive motivation to run. This observation suggests that this receptor subpopulation might exert a tonic, 
albeit negative, control over the consumption of  that reward. Although not significant, a similar tendency 
could be observed when the running distance per running sequence was examined (Supplemental Figure 
3), indicating that this receptor subpopulation does not control running speed under an effort-based task.

As indicated above, the ECS mainly regulates reward processes — whether these rewards are natural 
or nonnatural — through CB1 receptors located on GABAergic neurons and on glutamatergic neurons 
projecting to the mesolimbic (and the mesocortical) dopaminergic system (31, 32). In turn, this close 
link between the ECS and reward processes might be taken as an argument for a reward-unspecific role 
of  CB1 receptors (on GABAergic neurons) in running motivation. This argument is, however, rendered 
invalid by the recent report that CB1 receptors on GABAergic neurons negatively regulate the motiva-
tion to self-administer cocaine, i.e., GABA-CB1-KO mice actually display increased motivation for the 
intake of  cocaine, compared with GABA-CB1-WT mice (43). Although this result spoke in favor of  a 
reward-specific control by CB1 receptors on GABAergic neurons, we aimed at confirming this suggestion 
by extending our study to the role of  the ECS on another natural (nondrug) reward. In keeping with the 
pathophysiological consequences of  the imbalance between exercise and palatable food intake in both 
humans and animals (see Introduction), palatable feeding in food-restricted mice was chosen as the sec-
ond reward of  investigation. We first verified through pharmacology (SR141716) and genetics (CB1-KO 
mice) that CB1 receptors were involved in the motivation for palatable food, thus confirming previous 
reports (33–35). Interestingly, although we used mice in which the drive for feeding was experimentally 
increased through food restriction, the negative effect of  CB1 receptor deletion on feeding motivation 
was found to be much lower than that exerted by this deletion on running motivation. This observation 
confirmed the above-mentioned finding that CB1 receptors play a major, if  not a unique, role on running 
motivation. As opposed to its negative consequence on running motivation, the deletion of  CB1 receptors 
from GABAergic neurons did not affect the drive for palatable feeding. Besides questioning the identity 
of  the receptor subpopulation(s) involved in the control of  palatable feeding by the ECS, our results 
allowed us to reject the hypothesis that CB1 receptors in GABAergic neurons control running motivation 
in a reward-unspecific manner. The differential effect of  this CB1 receptor population on the respective 
drives for running and palatable food intake should be replaced within the recent theory that the con-
trol of  reward motivation by the mesolimbic dopaminergic system belongs to a broader homeostatic 
network, the first goal of  which is to regulate energy conservation/expenditure (44). Hence, this system 
would favor both energy expenditure (at the expense of  conservation) and exploration (at the expense of  
resource exploitation), i.e., processes that might depend on running motivation. If  so, CB1 receptors on 
GABAergic neurons would be one among specific upstream mechanisms allowing the mesolimbic dopa-
minergic system to respond in a resource-dependent manner. One obvious limitation of  this proposal 
was that we examined the role of  this receptor population in animals offered the possibility to work to 
get only one single reward (running, palatable feeding). This paradigm is obviously different from human 
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daily life where reward choices (including exercise vs. feeding) are permanent. Indeed, recent works indi-
cate that the study of  motivation processes for one single reward might provide misleading conclusions 
due to the lack of  a reward alternative (36, 37). For instance, Cantin et al. have shown that rats work 
more for cocaine than for saccharin when proposed alone but the opposite preference is observed when 
rats are offered these rewards in a choice paradigm (45). Taken together, all these observations led us 
to set an operant conditioning task where mice trained to work for each reinforcer provided alone were 
then given the choice between the two reinforcers under ad libitum–fed and food-restricted conditions. 
By this means, we first revealed that, although mice lacking CB1 receptors displayed lower motivation 
for either wheel running or palatable feeding when proposed alone (see above), the balance between the 
respective drives for energy intake and energy expenditure was markedly dysregulated in favor of  energy 
intake under a choice paradigm. The second finding relates to the observation that the key role exerted 
by CB1 receptors on GABAergic neurons on the drive for running when the latter was the sole reward 
available extended to a choice situation. Kinetic analyses further indicated that these preferences for 
feeding over running were almost kept constant within choice sessions in CB1-KO and in GABA-CB1-KO 
mice. Of  interest was the additional observation that the respective WT counterparts of  these mutants 
displayed decreased NP responses for palatable food with time. This is unlikely to be accounted for by 
the hypophagic consequences of  wheel running, because the latter increases, rather than decreases, food 
intake as to provide energy for wheel running, hence maintaining constant body weights (15). More like-
ly, this negative time-dependent trend illustrates precocious satiety, especially in ad libitum–fed animals.

Taken together, these results pinpoint CB1 receptors, especially those located on GABAergic neurons, 
as major regulators of  the balance between the respective drives for palatable food and exercise. It should be 
noted, however, that limits inherent to animal models of  reward seeking surely apply to the present study. 
One of  these relates to the daily acute exposure of  animals to the operant chambers. Although such an expo-
sure always occurred during the active phase of  the nycthemeral cycle, it by no means fully recapitulates the 
human condition where reward choices are permanent. One means to circumvent this limit might consist of  
housing the animals in operant chambers (46) with permanent choices between wheel running and feeding. 
Our future experiments, aimed at focusing on this paradigm, will surely help to refine the present results.

In conclusion, this study reveals by means of operant conditioning procedures that the ECS, through CB1 
receptors located in GABAergic neurons, exerts a major tonically active control of the intrinsic motivation 
(“wanting”) to run, including when another reward, such as palatable feeding, is proposed as an alternative. The 
reward choice paradigm developed herein should facilitate the future discovery of the mechanisms responsible 
for pathological imbalances between exercise motivation and feeding motivation and whether these imbalances 
favor feeding over running (e.g., obesity) or running over feeding (e.g., restrictive anorexia nervosa).

Methods
Animals. This study involved 6- to 8-week-old male C57BL/6N mice and 8- to 14-week-old male constitutive 
and conditional CB1 receptor mutant (KO) and WT animals (established since 2006 in our breeding facilities). 
These animals included CB1-KO mice and their CB1-WT littermates (15, 26–28), conditional mutants lacking 
floxed CB1 receptors in forebrain GABAergic neurons due to the expression of  the Dlx5/6-Cre recombinase 
(GABA-CB1-KO mice) and their WT littermates (16, 27, 28), and conditional mutants lacking floxed CB1 
receptors in cortical glutamatergic neurons due to the expression of  the Nex-Cre recombinase (Glu-CB1-KO 
mice) and their WT littermates (16, 27, 28). To check for the sufficient role of  CB1 receptors on GABAergic 
neurons on wheel-running motivation, we additionally used Stop-CB1 mice and mice bearing a selective res-
cue of  CB1 receptor expression in GABAergic neurons (thereafter termed GABA-CB1-Rescue mice) (bred 
since 2010 in our animal facilities). To generate the Stop-CB1 mouse line, the endogenous CB1 gene (also 
known as Cnr1) was silenced by insertion of  a loxP-flanked stop cassette in the 5′ UTR of the CB1 receptor 
start codon (29, 30). To generate mice with (GABA-CB1-Rescue) or without (Stop-CB1) a selective rescue of  
CB1 receptors on GABAergic neurons, Stop-CB1 mice were crossed with our mouse line expressing a Cre 
recombinase under the regulatory elements of  the Dlx5/6 gene (see above). Mutant and WT mice, bred in a 
mixed genetic background with a predominant C57BL/6N contribution, were genotyped (at 2–3 weeks old) 
and regenotyped (at the end of  experiments), as described previously (15, 16, 28).

Operant procedures. The behavioral set-up comprised 6–12 individual operant chambers (28 cm long × 26 cm 
wide × 38 cm high) located in a room adjacent to the animal housing room. These chambers were placed inside 
wooden casings (60 cm long × 62 cm wide × 49 cm high) that were ventilated to guarantee air circulation and 
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to provide background noise (Imetronic). For operant running experiments, lateral walls were made of gray 
Perspex, while the rear wall had a central hollow for mounting the 20-cm diameter wheel, the release trigger 
of which was connected to a circuit enabling the wheel to be locked or unlocked (by means of a brake pad) in 
accordance with predefined experimental conditions. A cue light placed above the wheel indicated the wheel 
unlocking. The wheel was flanked by two small ports (2.5 cm above the chamber grilled floor with cue lights 
located above) set into the rear wall to allow the animal to “poke” its nose through. For operant feeding, the rear 
side (running wheel, NP ports, cue lights) was covered by gray Perspex whereas the left panel of the chamber 
housed in its center a recessed pellet tray surrounded by 2 NP ports. Cue lights were placed above the NP ports 
and the feeder to indicate respectively effectiveness of the NP and pellet distribution.

Operant running protocol. NP performance could be either “active” (leading to cue light illumination and 
wheel unlocking) or “inactive” (having no consequence). Left/right allocation of  active/inactive NP ports 
was counterbalanced between animals during experiments. All devices in the operant chambers were linked 
to a computer that recorded the number of  active/inactive NP, the number of  running sequences, and the 
running duration/distance covered during each sequence. The experiments were performed during the active 
(dark) phase of  the light/dark cycle of  the mice, each mouse group (comprising WT and mutant animals) 
being tested at the same time daily. All animals were first habituated to a running wheel by being placed for 
60 min/d in individual cages housing 25-cm diameter running wheels (Intellibio; refs. 15, 16). This procedure 
was performed on 2 consecutive days before experiments commence in the operant cages with 5–7 sessions/
week. On the third session, mice were placed in the chambers where the cue light above the unlocked running 
wheel remained illuminated while the 2 NP ports were covered up by metal pieces. This first conditioning ses-
sion was aimed at habituating the mice to both the operant chamber, the wheel, and the cue indicating wheel 
unlocking. When learning sessions began, the wheel-locking/unlocking mechanism and the NP ports were 
fully operational. The wheel was unlocked for 60 seconds (wheel brake released) following NP the mouse 
executed in its allocated active NP port. The other port, although accessible to NP, remained inactive. In the 
FR1 condition, a single active NP was sufficient to simultaneously illuminate the cue light above the port for 
10 seconds and unlock the running wheel for 60 seconds under light. NP in the inactive port were counted but 
had no consequence. When the 60 seconds had elapsed, the wheel light extinguished and the brake applied, 
so that the mouse had to step down from the wheel and execute a further NP in order to unlock it again. 
NP made in the active port while the wheel was already unlocked were without consequence. Habituation 
and FR1 sessions were ran once daily and lasted for 60 minutes. There were always 6 FR1 sessions, except 
for the mice that underwent intra-VTA perfusions, which were conditioned for only 5 sessions due to loud 
renovation-associated noise planned in the animal facility several days thereafter. After completing the FR1 
schedule of  reinforcement, mice moved on to the FR3 condition, i.e., a 60-second wheel-running period was 
contingent on 3 consecutive NP in the active port. As above, this experimental condition was repeated over 6 
sessions except for in the mice tested with intra-VTA perfusions, which were only allowed 5 FR3 sessions (for 
the reasons mentioned above). The day after the last FR3 session mice were tested under a linear PR schedule 
of  reinforcement where (a) the number of  active NP required to free the running wheel was incremented by 3 
between each rewarded step (3, 6, 9, etc.; PR3), with (b) a time limit of  15 minutes between 2 successive steps. 
For experiments involving treatments prior to the PR session, mouse groups with similar mean NP scores 
during the last FR3 session were formed to avoid a priori biases. In one series of  experiments (Figure 1, B–D), 
mice underwent 9 (60-minute) extinction sessions immediately after the sixth FR3 session; these extinction 
sessions were followed by 1 cue-induced reinstatement session. During extinction, neither active/inactive NP 
nor cue lights were functional, hence the running wheel remained locked through the sessions. Following 
stable extinction scores, reinstatement was initiated by lighting for 10 seconds the cue above the active NP of  
each mouse 30 seconds after its placement in the chamber. Following this initial, automatic cue light illumi-
nation, if  the animal executed one active NP (as per FR1) the cue light came on again for 10 seconds. After 
this first FR1 operant illumination of  the cue, 3 NP were required for each subsequent illumination of  10 sec-
onds (as per FR3). The wheel light, however, remained off, and the wheel itself  remained locked for the full 
duration of  the reinstatement session. Throughout all experiments described above, the mice were required a 
minimal discrimination index (number of  NP in the active port over the total number of  NP) of  75% and a 
maximal 20% variation in the mean number of  active NP over the last 3 FR3 sessions to be tested under the 
PR3 schedule of  reinforcement. To evaluate wheel-running consumption during FR/PR sessions, we divided 
the total running duration within each session over the number of  rewarded events during that session (when 
necessary, a similar procedure was applied for the calculation of  the distance covered per rewarded session). 
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Because some animals placed under PR schedules did not reach the first rewarded level of  NP responding 
(i.e., 3 active NP), hence preventing any calculation of  that ratio, within-group animal numbers might differ 
from those indicated for the achievement of  active NP levels.

Operant feeding protocol. As for the operant running experiments, left/right allocation of  active/inactive 
NP ports was counterbalanced between animals during experiments. All devices in the operant chambers 
were linked to a computer that recorded both the number of  active/inactive NP, the number of  pellets dis-
tributed, and the number of  entries into the feeder. All experiments were performed during the active phase 
of  the light/dark cycle of  the mice, each mouse group (comprising WT and mutant animals) was tested at 
the same time daily. The daily food consumption and the body weight of  each mouse were recorded daily 
for a week before mice were given a limited quantity of  food, as to maintain their body weight at 90% 
levels of  their free-feeding weight. Food was always provided 60–90 minutes after the daily completion of  
the operant conditioning session, as to minimize the possibility of  interactions between free-feeding and 
operant behavior. Prior to the onset of  the operant conditioning procedure, animals were first habituated 
to the 20-mg chocolate pellets used in the operant chambers (Dustless precision pellets, F05301; Plexx, for 
BioServ) by providing them with 5 pellets/d for 3 days in their home cages. Thereafter, mice were placed 
in the chambers, with the cue light above the pellet tray remaining illuminated while the 2 NP ports were 
covered up by metal pieces. Immediately after placement of  the mouse in the operant chamber, 17 food 
pellets were successively distributed to the tray. This first conditioning session was aimed at habituating the 
mice to the operant chamber, the feeder, and the cues indicating pellet distribution. When learning sessions 
began, the feeder was empty while the NP ports were fully operational. During FR1 sessions, a single active 
NP was sufficient to simultaneously illuminate the cue light above the feeder and dispense one pellet. NP in 
the inactive port were counted but had no consequence. The pellet distribution was followed by a 15-second 
time-out period during which NP activity was inefficient. Habituation and FR1 sessions were ran once dai-
ly and lasted for 30 minutes to avoid satiety. To compare with operant running experiments, the number of  
FR1 sessions was fixed to 6, a number sufficient to reach performance stability. After completing the FR1 
schedule of  reinforcement, mice moved on to the FR3 condition, i.e., mice had to NP 3 consecutive times 
in the active port to get 1 food pellet. As above, this experimental condition was repeated over 6 sessions. 
The day after the last FR3 session mice were tested under a linear PR3 schedule of  reinforcement similar 
to the one described above, except that there was no time limit between steps in keeping with the short 
(i.e., 30-minute) duration of  the PR session. For experiments involving treatments prior to the PR session, 
mouse groups with similar mean NP scores during the last FR3 session were formed to avoid a priori bias-
es. Inclusion criteria for PR proceeding were similar to those indicated above.

Operant choice protocol. The protocol followed a 2-step process: the first step involved the conditioning 
for wheel running and food intake provided separately. Hence, each day, mice were placed in the cham-
bers for 2 consecutive 30-minute sessions, with the nature of  the reward (wheel running or palatable 
food) being inverted each day and counterbalanced between mice belonging to the same genotype. Five 
FR1 sessions and five FR3 sessions were performed as indicated above, except for the fact that active NP 
illuminated simultaneously the cue lights above the ports for 5 seconds and the cue lights above the wheel 
or the feeder for 20 seconds and 15 seconds, respectively. These numbers were chosen as to provide to the 
closest extent similar reward consumption durations, while avoiding within-session food satiety on the 
one hand, but maintaining enough running duration to keep wheel-running attractive on the other hand. 
To facilitate the learning of  the contingency for food (and hence running), mice were first food restricted 
(as to display a stable 10% body weight reduction) for the first 2–3 FR1 sessions. The second step involved 
the daily placement of  the mice in the chambers with the possibility to work for either reward (choice pro-
tocol). Thus, animals were placed in a choice condition with either wheel unlocking or food distribution 
being accessible under an FR3 schedule. However, choosing one reward excluded the possibility to obtain 
simultaneously the second reward. The respective durations of  activation of  the wheel (20 seconds) and 
the feeder (15 seconds) cue lights remained as in the preceding sessions. However, to further indicate to 
the mice that ran during the entire 20-second sequence that the reward choice was mutually exclusive, we 
added a 5-second period during which a green ceiling light was switched on while none of  the NP ports 
was active. Five daily consecutive choice sessions were performed to establish food and wheel preferenc-
es, each session being 60-minute long (as to coincide with the FR sessions during which one 30-minute 
session/reward was proposed daily; see above). After these 5 choice sessions, mice were food restricted 
as above for 2 consecutive days, during which choices were again assessed. This experiment was aimed 
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at (a) ensuring that our choice protocol captured the changes in the wheel/food preference scores that 
result from the modification of  one motivational drive and (b) analyzing whether food restriction might 
alter the control of  the wheel/food preference ratio by CB1 receptors. Wheel preference (percentage) was 
quantified by dividing the number of  active NP that led access to the wheel by the total number of  active 
NP performed for both rewards (food + wheel). Hence, scores above 50% indicated a preference for wheel 
running while scores below 50% indicated a preference for food.

In vivo electrophysiology. At the end of  the PR sessions, mice were returned to their home cages before 
being transferred to an anesthesia chamber where they inhaled halothane. Stereotaxic surgery was per-
formed as previously described (16, 47, 48). Thus, recording pipettes were inserted into the VTA with the 
skull flat, at the following coordinates: –3.16 mm from bregma; 0.5 mm from midline. A glass micropipette 
(tip diameter = 2–3 μm, 4–6 MΩ) filled with a 2% pontamine sky blue solution in 0.5 M NaCH3CO2 was 
lowered into the VTA. DA neurons were identified according to well-established electrophysiological fea-
tures (49). The extracellular potential was recorded with an Axoclamp2B amplifier in the bridge mode. The 
extracellular potential amplified 10 times by the Axoclamp2B amplifier was further amplified 100 times and 
filtered (low-pass filter at 300 Hz and high-pass filter at 0.5 kHz) via a differential AC amplifier (model 1700; 
A-M Systems). Single neuron spikes were discriminated and digital pulses were collected online using a 
laboratory interface and software (CED 1401, SPIKE 2; Cambridge Electronic Design). At the end of  each 
recording experiment, the electrode placement was marked with an iontophoretic deposit of  pontamine Sky 
Blue dye (–20 μA, continuous current for 12–15 minutes), and the animals were deeply anesthetized with 
halothane (5%) and decapitated. Brains were removed and snap-frozen in a solution of  isopentane at –70°C. 
Basal firing rate and burst event frequency of  VTA DA neuron impulse activity were computed over 200-sec-
ond epochs after a 5-minute stable baseline period. Bursts were identified as discrete events consisting in a 
sequence of  spikes, such that their onset was defined by 2 consecutive spikes within an interval lower than 80 
milliseconds whenever they terminated with an interval greater than 160 milliseconds (49).

Drug infusion in the VTA. As previously described (16), mice were anesthetized by the intraperitoneal 
injection of  a mixture of  ketamine/xylazine and placed into a stereotaxic apparatus (David Kopf  Instru-
ments). Mice were bilaterally implanted with 2.7-mm stainless cannulae targeting the VTA with the follow-
ing coordinates: AP –3,0; L ± 0,5; DV –4.7 (6). The cannulae were secured with dental cement, and the 
mice were allowed to recover for a week when mice displayed at least their presurgery body weights. For 
intra-VTA infusion of  AM251 (1 μg/side) or its vehicle, 4.7-mm-long injectors were connected to polyeth-
ylene tubing to Hamilton syringes (10-μl volumes) and 250 nl/min AM251/vehicle was infused in each 
side for 2 minutes. This was followed by a 1-minute period during which the injectors were left in place to 
allow further diffusion. Thereafter, all mice were returned to their home cages for 15–20 minutes before 
being placed in the operant chambers. At the end of  the experiments, mice were bilaterally injected with 
Sky Blue before being sacrificed. Brains were rapidly removed and placed in dry ice before storage at –80°C. 
Coronal sections (40-μm wide) were then cut using a Microm HM 500M cryostat (Microm Microtech), 
stained with Neutral Red, and observed under an Olympus SZX10 stereomicroscope (Olympus).

Drugs. Haloperidol was from MilliporeSigma, SR141716 was from Interchim (for Caiman Chemical), 
and O-2050 and AM251 were from R&D System (for Tocris). Haloperidol was made fresh before injection, 
while SR141716 and O-2050 were stocked in DMSO at –20°C before final preparation. Haloperidol (0.15–
0.3 mg/kg i.p. 45 minutes beforehand) was prepared in 0.9% NaCl (10 ml/kg) before injection. SR141716 
(3 mg/kg i.p. 30 minutes beforehand) and O-2050 (0.5 mg/kg i.p. 30 minutes beforehand) or their vehicle 
(DMSO, final concentration: 1.25%) were diluted in 1 droplet of  Tween 80 and then in 0.9% NaCl (10 ml/
kg). For local infusions, AM251 (1 μg/side) or its vehicle (DMSO, final concentration: 10%) were diluted in 
cremophor (final concentration: 10%) and then in 0.9% NaCl 20–30 minutes beforehand.

Statistics. All analyses were performed with GB-Stat software (version 10; Dynamic Microsystems 
Inc.), with P values of  less than 0.05 being considered significant. Two-group (treatment or genotype) 
comparisons of  the data gathered during the PR sessions were achieved by means of  2-tailed Student’s t 
tests. Genotype differences in NP activity, running duration per rewarded sequence, and number of  food 
pellets consumed during the FR1 and FR3 sessions were assessed by 2-way ANOVA. Homogeneity of  the 
variances was achieved by prior logarithmic transformation of  the data, if  necessary. A repeated design 
was always included in the 2-way ANOVA, except for the analysis of  the running duration per running 
sequence in Stop-CB1 and GABA-CB1-Rescue, where a mouse-dependent and session-dependent lack of  
running activity in Stop-CB1 impeded such an inclusion. Post hoc group comparisons (Tukey’s test) were 
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performed only if  genotype × session interactions were found significant. In choice experiments, preference 
scores were compared with nonpreference (50% preference for 1 reward) by 1-tailed Student’s t tests. Except 
for wheel-running extinction and cue-induced reinstatement data (Figure 1, B–D) and behaviors of  mice 
from the Glu-CB1 line in the wheel-running/food choice paradigm (Figure 5, I and J), all data were gath-
ered from experiments that were at least performed twice with different animal batches.

Study approval. All experiments obeyed the French (Décret 2013-118) and European (2010/63/EU) 
rules on animal experimentation. Approval of  animal care and use for these experiments was provided 
by the Ethics Committee of  Bordeaux University (Bordeaux, France) on behalf  of  the Préfecture de la 
Gironde (Bordeaux, France) and the French Ministry of  Agriculture (Paris, France), with authorization 
33-063-69 (to FC) and 13649 (to FC) and A33-063-098 (animal facilities).
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[Abstract] Wheel running, especially in the homecage, has been widely used to study the neurobiology 
of exercise because animal tends to use it voluntarily. However, as for each reward, its consumption (in 

the present case, running performance) does not specifically provide information on its incentive value, 
i.e., the extent to which animals are motivated to run independently from their consumption of that 

reward. This is a major drawback, especially when focusing on the neurobiology governing the 
pathological imbalances between exercise and e.g., feeding (obesity, anorexia nervosa). Yet, few 

studies have shown that operant conditioning wherein wheel-running is used as a reinforcer that can be 
"consumed" after nose-poking or lever-pressing allows to distinguish motivation from consumption. Thus, 

nose-poking or lever-pressing under a progressive ratio schedule of reinforcement in animals trained 
under fixed ratio reinforcement schedules provides, through the so-called breakpoint, an index of 

running motivation. As compared to wheel-running, numerous studies have used food as a reinforcer, 
which helped to uncover the neurobiology of feeding. However, to our knowledge, there is no paradigm 

allowing the assessment of the choice between running and feeding when presented in concurrence, 
with the possibility to measure a priori the motivation for each reward. Herein, we describe a protocol 

that first permits to measure the drive for each of these two rewards before it allows to measure the 
preference for one over the other in a reward choice setting. This paradigm could help to better 

characterize the neurobiology underlying pathological imbalances between physical activity and feeding, 
which is the core feature of eating disorders. 

Keywords: Operant conditioning, Choice, Reward, Motivation, Wheel-running, Palatable food, Exercise, 
Physical Activity 

 

[Background] Physical inactivity is a growing burden for society nowadays, and it finds its root in a lack 

of motivation to engage in or to adhere to a long-term exercise program (Ekkekakis et al., 2008). More 
broadly, eating disorders result from an alteration of the energy balance, between caloric intake (e.g., 

food intake) and expenses (e.g., physical activity). Interestingly, such an alteration finds its origin at the 
motivation level. It is thus of prime importance to study in a combined manner the motivation for physical 

activity with the motivation for food intake. To unravel the neurobiology behind exercise motivation, most 
studies have used the running wheel paradigm as wheel-running is a volitional and well-conserved 

behavior with highly rewarding properties (Sherwin, 1998). Indeed wheel running is able to reinforce 
operant conditioning (Belke, 1997), even when the duration of running is minimal (Iversen, 1993). The 
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basic principle of operant conditioning is to render the reward access contingent to the realization of an 

effort (e.g., lever pressing, nose-poking). By progressively increasing the effort, it allows estimating the 
animal’s motivation for this reward. However, studying motivation for physical activity in the context of 

eating disorders requires to compare it with the motivation for food intake in order to integrate both 
aspects of energy balance. Noteworthy is the observation that the comparison between the maximal 

efforts the animal displays for each reward taken individually can be misleading because it doesn’t 
represent the preference for one reward over another in the natural context of a choice between these 

rewards (Cantin et al., 2010, in this paper the authors designed an operant conditioning protocol to 
assess the choice between cocaine and sucrose). A previous study investigated the choice between 

wheel-running and sucrose in a T-maze (Correa et al., 2016). Although providing a cue with regard to 
the preference between the rewards under effort-less conditions, this approach does not allow to dissect 

the motivation for each reward from its mere consumption. To our knowledge, the protocol we are 
describing here is the first to allow the a priori assessment of motivation for both wheel running and 

palatable food, and the preference for one over the other in a concurrent choice context using operant 
conditioning (Muguruza et al., 2019). Such a protocol allows access to both sides of the energy balance 

as to study the mechanisms involved in such a regulation. Furthermore, by modulating the effort that is 
required for each reward, one can externally affect the preference for one reward over the other one, 

hence helping to assess the neurobiological grounds governing each preference level. As it is the case 
for most studies investigating reward neurobiology, our protocol bears some limitations. Even though 

animals are always exposed to the operant chambers during their active phase (dark phase), this daily 
single and restricted exposure cannot fully recapitulate the human situation. Indeed, the animals are 

exposed to this concurrent choice once a day in a different environment than their homecage when 
humans have permanently to choose between concurrent rewarding activities. One possibility to 

circumvent this limitation would be to host the animal in an operant chamber where it would access 
running and feeding activities, these being fully contingent to an effort (namely nose poking). 

 
Materials and Reagents 
 

1. C57Bl/6N mouse line (Janvier Labs): used to validate the protocol (7-8 weeks old) 

Notes:  

a. The use of other mouse lines is possible in the following protocol given that no learning or 

motor deficits are observed in this line. Hereafter we show example of graphs based on the 

use of a transgenic line, the SimCB1 mouse line (C57Bl/6N background). 

b. The size and the strength of the mouse are important to take into account so as to screw 

the wheel properly, avoiding a spontaneous rotation (too loose) or the impossibility for the 

animal to make it turn (too tight). 

2. Safe A03 (Safe Diet, U8200G10R, stored at room temperature after opening) contains 3.4 

Kcal/g (61.3 percent from carbohydrates, 25.2 percent from proteins and 13.5 percent from fat): 
Standard homecage food 
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3. Dustless Precision Pellets®, 20 mg, Rodent Purified Diet, Chocolate Flavor (BioServ, Product 

#F05301, stored at room temperature with silica gel after opening) contains 3.60 Kcal/g (65.6 
percent from carbohydrates, 20.6 percent from proteins and 13.9 percent from fat) with an 

addition of a chocolate flavoring : Palatable food reward 
4. Phagospray® (Laboratoire Phagogène, Christeyns France). Antimicrobial disinfectant spray 

designed for non-invasive medical devices and surfaces: used to clean the operant chambers 
between animals 

 
Equipment 
 

1. Apparatus: Operant conditioning chamber (Imetronic, 156 avenue Jean Jaurès 33600 Pessac, 

France, customized apparatus) (Figure 1) 
Individual operant conditioning chamber (28 cm long x 26 cm wide x 38 cm high) placed in a 

wooden case (60 cm long x 62 cm wide x 49 cm high) ventilated to ensure air circulation and 
background noise. The rear side has a 20 cm diameter wheel mounted at the center, surrounded 

by two nose poke ports, with a brake pad on top of it to be able to lock or unlock it. The left panel 
has a food tray placed at the center surrounded by two nose poke ports. Both panels (rear or left) 

can be hidden using grey Perspex depending on the task. The floor consists of a grid above a 
drawer filled with litter (same litter as animals’ homecages). All operant chambers are connected 

to a computer through an interface allowing (i) the allocation of files and exercise (see following 
sections) for each animal/cage and (ii) real-time visualization of animal behavior and recordings. 

For a given batch of animal, the active nose poke port is allocated to be the right one for half of 
the animals, and the left for the other half in order to counterbalance the position. 

 

 
Figure 1. Operant chambers for wheel running and palatable food. A. The configuration for 
wheel running involves a wheel mounted on the rear side surrounded by two nose poke ports 

associated with light cues (yellow circles) that can be paired with another light cue (red circle) 
on the top of the wheel (the left panel being covered by gray Perspex). The floor is constituted 

of a metal grid on the top of a litter drawer. B. The configuration for palatable food involves a 
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food tray on the left panel surrounded by two nose poke ports associated with light cues (yellow 

circle) that can be paired with another light cue (red circle) on the top of the food tray (the rear 
side covered by gray Perspex). The floor is made of a metal grid on the top of a litter drawer. C. 

The choice configuration involves the removal of the two gray Perspex sides to free the access 
to both rewards. The floor is made of a metal grid on the top of a litter drawer. Illustration taken 

from Hurel et al. (2019). 
 
Software 
 

1. Polywheel 5.2.2 (16/04/2015) Imetronic, 156 avenue Jean Jaurès 33600 Pessac, France: 
Software used on-line allowing the allocation of exercise (see section “procedure” and sub-

sections “exercise design”), and the real-time acquisition of data from the operant chambers 
2. Poly files V4.5.2 (09/04/2018) Imetronic, 156 avenue Jean Jaurès 33600 Pessac, France: 

Software used off-line to extract data using pre-defined variables into Excel files 
3. GraphPad Prism version 8 (GraphPad Software 2365 Northside Dr., suite 560, San Diego, CA 

92108): Data analysis 
 

Procedure 
 
Note: All experiments are performed during the dark phase of the light/dark cycle to be in the active 

phase. We are thus working in a partly inverted 12 h/12 h cycle with lights off at 10 AM and on at 10 PM. 

 

A. Acclimation 

1. Habituate the animal to the inverted cycle one week before starting the protocol. 
2. Individualize the animals. 

3. Three days before starting the protocol, give 3-4 chocolate food pellets in the homecage to avoid 
neophobia. 

 
B. General description of operant conditioning sessions 

1. Select the specific file for each mouse (one per reinforcement schedule and per mouse e.g., 
FR1_mouse1). 

2. Select the corresponding exercise (cf. Procedure: Exercises design). 
3. Place the mouse inside the operant chamber. 

4. Start the recording. 
5. At the end of the session, remove the mouse from the operant chamber. 

 
If the session is for palatable food: 

6. Count the remaining pellets in 1) the food tray and 2) the litter below the grid. 
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For both wheel running and palatable food: 

7. Clean the operant chamber using Phagospray® and, if within a palatable food session, clean 
the food tray with dry air spray. 

 
For habituation, FR1 and FR3 sessions: 

8. Go back to Step B1 for the second session of the day (second reward). 
Note: To avoid the effect of one reward over the other on the same day, half of the animal must start 

with a session of wheel running, the other half with a session of palatable food, the order being 

inverted each day. 

 

C. Habituation (2 days) 
1. Exercise design  

Wheel-running 
a. The sessions last 30 min each. 

b. The cue light paired with the wheel (on top of it) turns on at the beginning of the session 
and remains on for 30 min. 

Note: The wheel-paired cue light indicates the availability of the wheel. Thus, it remains on 

all over the habituation session. 

c. The wheel remains unlocked all session-long. 
 

Palatable food 
a. The sessions last 30 min each. 

b. The cue light paired with the food tray (on top of it) turns on at the beginning of the session 
and remains on for 30 min. 

Note: The food tray-paired cue light indicates the delivery of food pellets in the food tray. 

Thus, it remains on all over the habituation session. 

c. Seventeen pellets are distributed consecutively at the beginning of the session. 
2. Practical steps 

a. Cover all nose poke ports with the appropriate metal piece. 
b. Place the appropriate Perspex wall to cover either the food tray or the wheel and their 

corresponding nose poke ports. 
c. Perform two sessions (1/day) for both rewards applying the instructions of Procedure B. 

d. No criteria are needed to be met to move on to the next step. 
 

D. Fixed ratio 1 schedule of reinforcement (5 days) 
1. Exercise design 

Wheel-running (Figure 2) 
a. The sessions last 30 min. 

b. The sessions start without any light cue, the wheel being blocked by the brake pad. 
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c. One nose poke (NP) in the active port triggers a rewarded sequence with simultaneous: 

i. Five-second NP-paired cue light turns on. 
Note: This NP-paired cue light is a conditioned stimulus indicating that the effort 

required to get access to the wheel is completed.  

ii. Twenty-second wheel-paired cue light turns on. 

Note: The wheel-paired cue light is a conditioned stimulus indicating the availability of 

the wheel. 

iii. Twenty-second unlocking of the wheel (removing the brake pad). 
d. Nose-poking during the rewarded sequence is recorded but has no functional consequence. 

e. After the rewarded sequence, the program goes back to the first step until the next NP. 
 

 
Figure 2. Logigram of Fixed ratio 1 schedule of reinforcement for wheel running. During 

the 30-min session, one nose poke in the active port gives access to a rewarded sequence of 
20 s before going back to the initial condition. NP: Nose Poke. 

 
Palatable food (Figure 3) 
a. The sessions last 30 min. 

b. The sessions start without any light cue, the food tray being available but empty. 
c. One NP in the active port triggers a rewarded sequence with simultaneous: 

i. Five-second NP-paired cue light turns on. 
Note: This NP-paired cue light is a conditioned stimulus indicating that the effort 

required to get one food pellet is completed. 

ii. Fifteen-second food tray-paired cue light turns on. 

Note: The food tray-paired cue light is a conditioned stimulus indicating the delivery of 

one food pellet. 

iii. One chocolate food pellet is distributed. 
d. Nose-poking during the rewarded sequence is recorded but has no functional consequence. 

e. After the rewarded sequence, the program goes back to the first step until the next NP. 
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Figure 3. Logigram of Fixed ratio 1 schedule of reinforcement for palatable food. During 
the 30-min session, one nose poke in the active port gives access to a rewarded sequence of 

15 s before going back to the initial condition. NP: Nose Poke. 
 

2. Practical steps 

Note: In order to facilitate the learning, the animals are mildly food-restricted for the 2-3 first 

sessions so as to reach a stable 10% decrease in body weight. 

a. Remove all the metal pieces from nose poke ports so as to render them accessible. 
b. Place the appropriate Perspex wall to cover either the food tray or the wheel and their 

corresponding nose poke ports. 
c. Perform five sessions (1/day) for both rewards following the instructions of Procedure B. 

d. No criteria are needed to be met to move on to the next step. 
 

E. Fixed ratio 3 schedule of reinforcement (5 days) 
1. Exercise design 

Wheel-running (Figure 4) 
a. The sessions last 30 min. 

b. The sessions start without any light cue, the wheel being blocked by the brake pad. 
c. Three consecutive NPs in the active port trigger a rewarded sequence with simultaneous: 

i. Five-second NP-paired cue light turns on. 
ii. Twenty-second wheel-paired cue light turns on. 

iii. Twenty-second unlocking of the wheel (removing the brake pad). 
d. Nose-poking during the rewarded sequence is recorded but has no functional consequence. 

e. After the rewarded sequence, the program goes back to the first step until the next NP. 
 

http://www.bio-protocol.org/e3381


                 

Copyright © 2019 The Authors; exclusive licensee Bio-protocol LLC.  8 

www.bio-protocol.org/e3381     
Bio-protocol 9(19): e3381. 
DOI:10.21769/BioProtoc.3381

 
 

 
Figure 4. Logigram of Fixed ratio 3 schedule of reinforcement for wheel running. During 
the 30-min session, three consecutive nose pokes in the active port give access to a rewarded 

sequence of 20 s before going back to the initial condition. NP: Nose Poke. 
 

Palatable food (Figure 5) 
a. The sessions last 30 min. 
b. The sessions start without any light cue, the food tray being available but empty. 

c. Three consecutive NPs in the active port trigger a rewarded sequence with simultaneous: 
i. Five-second NP-paired cue light turns on. 

ii. Fifteen-second food tray-paired cue light turns on. 
iii. One chocolate food pellet is distributed. 

d. Nose-poking during the rewarded sequence is recorded but has no functional consequence. 
e. After the rewarded sequence, the program goes back to the first step until the next NP. 

 

 
Figure 5. Logigram of Fixed ratio 3 schedule of reinforcement for palatable food. During 
the 30-min session, three consecutive nose pokes in the active port give access to a rewarded 

sequence of 15 s before going back to the initial condition. NP: Nose Poke. 
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2. Practical steps 

a. Remove all the metal pieces from nose poke ports so as to render them accessible. 
b. Place the appropriate Perspex wall to cover either the food tray or the wheel and their 

corresponding nose poke ports. 
c. Perform five sessions (1/day) for both rewards following the instructions of Procedure B. 

d. All animals need to meet the following criteria: 
i. Stability of performance over 3 consecutive days (< 20% variation in the total number 

of active nose pokes). 
ii. Discrimination index over 75% (see “Data analysis” part). 

 

F. Progressive ratio schedule of reinforcement (2 days) 
Note:  

1. A 30 min session for the assessment of wheel running and palatable food breakpoints was 

chosen in order to have a comparable duration for both rewards without reaching satiety in the 

palatable food session. 

2. This duration can be adapted by investigators depending on the information needed from the 

progressive ratio assessment. 

 

1. Exercise design  
Wheel-running (Figure 6) 
a. The session lasts 30 min. 
b. The session starts without any light cue, the wheel being blocked by the brake pad. 

c. Performing n x 3 NP (with “n” being the rank number of the reward accessed e.g., the first 
access to the wheel required 1 x 3 = 3 NP, the second one 2 x 3 = 6 NP etc. The sequence 

is thus as follows: 3, 6, 9, 12, 15, 18, 21, 24, 27…) in the active port trigger a rewarded 
sequence with simultaneous: 

i. Five-second NP-paired cue light turns on. 
ii. Twenty-second wheel-paired cue light turns on. 

iii. Twenty-second unlocking of the wheel (removing the brake pad). 
d. Nose-poking during the rewarded sequence is recorded but has no functional consequence. 

e. After the rewarded sequence, the program goes back to the first step until the next NP. 
f. The last ratio completed (nfinal x 3 NP) is called the breakpoint: it is the maximum number of 

nose pokes the animal accepts to perform to obtain the reward in a given session. 
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Figure 6. Logigram of Progressive ratio schedule of reinforcement for wheel running. 
During the 30-min session, the effort required to unlock the wheel is progressively increased 

between each rewarded sequence. The last ratio completed by the animal is the breakpoint. 
NP: nose poke; n: rank number of reward accessed. 

 
Palatable food (Figure 7) 
a. The session lasts 30 min. 
b. The session starts without any light cue, the food tray being available but empty. 

c. Performing n x 3 NP (with “n” being the rank number of the reward accessed e.g., the first 
access to the wheel required 1 x 3 = 3 NP, the second one 2 x 3 = 6 NP etc. The sequence 

is thus as follows: 3, 6, 9, 12, 15, 18, 21, 24, 27…) in the active port trigger a rewarded 
sequence with simultaneous: 

i. Five-second NP-paired cue light turns on. 
ii. Fifteen-second food tray-paired cue light turns on. 

iii. One chocolate food pellet is distributed. 
d. Nose-poking during the rewarded sequence is recorded but has no functional consequence. 

e. After the rewarded sequence, the program goes back to the first step until the next NP. 
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Figure 7. Logigram of progressive ratio schedule of reinforcement for palatable food. 
During the 30-min session, the effort required to obtain a pellet is progressively increased 

between each rewarded sequence. The last ratio completed by the animal is the breakpoint. 
NP: nose poke; n: rank number of reward accessed. 

 

2. Practical steps 
Note: This test is intended to assess the maximum effort an animal is willing to expend to get 

access to the reward. Accordingly, one unique 30-min session per day is performed for each 

animal given the highly demanding nature of the task. 

a. Remove all the metal pieces from nose poke ports so as to render them accessible. 
b. Place the appropriate Perspex wall to cover either the food tray or the wheel and their 

corresponding nose poke ports. 
c. The first day, half of the animal will undergo one unique session of PR for wheel running, 

the other half one unique session of PR for palatable food. For this apply the instructions of 
Procedure B from Step B1 to Step B7. 

d. The second day, the animal undergoes one unique session of PR for the reward not given 
on the first day. For this apply the instructions of Procedure B from Step B1 to Step B7. 

e. No criteria are needed to be met to move on to the next step. 
 

G. Fixed Ratio 3 Schedule of reinforcement post-progressive ratio (1 day) 

Note: This step is intended to ensure that the performances of the animals go back to pre-PR levels. 

1. Exercise design  

Follow instructions of Procedure E1 
2. Practical steps 

Follow instructions of Procedure E2 for 1 day 
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H. Choice (Figure 8) (Video 1)  

1. Exercise design  
a. The sessions last 60 min. 

b. The sessions start without any light cue, the wheel being blocked by the brake pad, and the 
food tray being available but empty. 

c. If the animal performs 3 consecutive NP in the active port for the wheel running, it gets 
access to a wheel-rewarded sequence: 

i. Simultaneous: 
Five-second NP-paired cue turns on 

Twenty-second wheel-paired cue turns on 
Twenty-second wheel unlocking 

ii. Nose-poking during the rewarded sequence is recorded but has no functional 
consequence. 

iii. At the end of the rewarded sequence, a green ceiling light turns on for 5 additional 
seconds during which no reward is accessible. Nose poking is recorded but has no 

functional consequence. 
iv. Then, the program goes back to the start of Step H1b until the next NP. 

d. If the animal performs 3 consecutive NP in the active port for the palatable food, it gets 
access to a palatable food-rewarded sequence: 

i. Simultaneous: 
Five-second NP-paired cue turns on 

Fifteen-second food tray-paired cue turns on 
One chocolate food pellet is distributed 

ii. Nose-poking during the rewarded sequence is recorded but has no functional 
consequence. 

iii. At the end of the rewarded sequence, a green ceiling light turns on for 5 additional 
seconds during which no reward is accessible. Nose poking is recorded but has no 

functional consequence. 
iv. Then, the program goes back to the start of step H1b until the next NP. 
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Figure 8. Logigram of the choice between wheel running and palatable food. Nose poking 

gives access to one reward but the choice is mutually exclusive, meaning that choosing one 
reward excludes the possibility to obtain the other reward for a given time. 

 

 
Video 1. Choice session showing (i) a food-rewarded sequence followed by (ii) a wheel-
rewarded sequence. (All experiments obeyed the French (Décret 2013-118) and European 

(2010/63/EU) rules on animal experimentation with authorization numbers 33-063-69 (F.C.) and 
A33-063-098 (Animal facilities).) 

 

2. Practical steps 

a. Choice in fed animals (5 days) 
i. Remove all the metal pieces from nose poke ports so as to render them accessible. 

ii. Remove all the Perspex walls so as to render both rewards accessible. 
iii. Perform five sessions applying the instructions of Procedure B from Step B1 to Step B7. 

b. Choice under mild food restriction 

http://www.bio-protocol.org/e3381
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i. In the hour preceding the dark phase before the first session, remove the food from the 

home cage. 
ii. In the hour preceding the dark phase, weigh the animals. 

iii. Remove all the metal pieces from nose poke ports so as to render them accessible. 
iv. Remove all the Perspex walls so as to render both rewards accessible. 

v. Perform one session applying the instructions of Procedure B from Step B1 to Step B7. 
vi. Calculate the amount of food to give:  

1) Seventy percent of mean daily consumption. 
2) Subtract the amount eaten during the session. 

vii. Give the food in the home cage at least 1 h after the end of the operant conditioning 
session  

viii. Perform the other sessions on the following days applying Steps H2b ii to H2b vii. 
Note: The body weight must be comprised between 85 and 90% of the normal body weight. If it 

is above or below this range, reduce or increase the amount of food accordingly. 

 
Data analysis 
 
A. Inclusion criteria 

1. Learning of the contingency between nose-poking and reward access is assessed by the 

discrimination index = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑁𝑁 𝑛𝑛𝑜𝑜𝑛𝑛𝑁𝑁 𝑝𝑝𝑜𝑜𝑝𝑝𝑁𝑁𝑛𝑛
𝑇𝑇𝑜𝑜𝑎𝑎𝑎𝑎𝑇𝑇 𝑛𝑛𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑛𝑛𝑜𝑜𝑛𝑛𝑁𝑁 𝑝𝑝𝑜𝑜𝑝𝑝𝑁𝑁𝑛𝑛

 

2. Animals should display a stable performance over 3 consecutive sessions at the end of the FR3 
step: < 20% variation of the number of active nose pokes. 

3. Animals that do not meet the preceding criteria are discarded from the experiment. 

 
B. All protocol 

1. Number of active nose pokes: (Figure 9) 
Analyzed by two-way ANOVA (repeated measures) for each step of the protocol separately (FR1, 

FR3 and Choice). 
2. Number of inactive nose pokes (Figure 9). 

3. Running duration per rewarded sequence 
a. This index gives an insight into how much the animal runs every time it gains access to the 

wheel (for details see Muguruza et al. 2019). 

b. Running duration per rewarded sequence = 𝑎𝑎𝑜𝑜𝑎𝑎𝑎𝑎𝑇𝑇  𝑁𝑁𝑁𝑁𝑛𝑛𝑛𝑛𝑎𝑎𝑛𝑛𝑟𝑟 𝑑𝑑𝑁𝑁𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎𝑜𝑜𝑛𝑛 (𝑛𝑛𝑁𝑁𝑎𝑎𝑜𝑜𝑛𝑛𝑑𝑑𝑛𝑛)
𝑛𝑛𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑁𝑁𝑁𝑁𝑟𝑟𝑎𝑎𝑁𝑁𝑑𝑑𝑁𝑁𝑑𝑑  𝑛𝑛𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁𝑛𝑛𝑎𝑎𝑁𝑁𝑛𝑛

. 

c. Analyzed with two-way ANOVA (repeated measures) for each step of the protocol 

separately (FR1, FR3 and Choice). 
4. Pellets consumed 

a. This index measures the consumption of the rewards obtained (to ensure that the pellets 
earned are consumed). 
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b. Analyzed with two-way ANOVA (repeated measures) for each step of the protocol 

separately (FR1, FR3 and Choice). 
C. Progressive Ratio (Figure 9) 

1. Number of active nose pokes: (Figure 9) Analyzed by two-tailed Student’s t-test. 
2. Breakpoint: (Figure 9) Analyzed by two-tailed Student’s t-test. 

The breakpoint is defined as the last rewarded step reached during the PR session, in other 
words, it corresponds to the maximum number of nose pokes the animal accepts to perform to 

get access to one reward in a given session.  
3. Pellets consumed: Analyzed by two-tailed Student’s t-test. 

4. If the results do not follow normality, C.1, C.2 and C.3 should be analyzed using a Mann-Whitney 
test. 

 

 
Figure 9. Representation of the number of nose pokes and breakpoints when each reward 
is presented separately (FR1, FR3 and PR). The graphs presented here are data obtained 

from the Sim-CB1 mouse line, comparing knock-out mice (Sim-CB1-KO) to their wild-type 
littermates (Sim-CB1-WT). This transgenic mouse line bears a deletion of the cannabinoid type-
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1 receptor (CB1R) in Sim1-positive cells, mainly found in the paraventricular nucleus of the 

hypothalamus (PVN). For both wheel running (upper panel) and palatable food (bottom panel), 
the number of nose pokes performed all over fixed- and progressive-ratio schedule of 

reinforcement (left) and the breakpoint reached during the progressive ratio session (right) are 
represented. NP: Nose Poke. 

 
D. Choice sessions 

1. Number of active nose pokes (Figure 10): Analyzed by two-way ANOVA (repeated measures) 
for each step separately (ad libitum fed and food restricted). 

 

 
Figure 10. Representation of the number of active nose poke during the choice sessions 
for the Sim-CB1 mouse line (WT vs. KO). The graphs presented here are the data obtained 

from the Sim-CB1 mouse line, comparing knock-out mice (Sim-CB1-KO) to their wild-type 
littermates (SimCB1-WT). This transgenic mouse line bears a deletion of the cannabinoid type-

1 receptor (CB1R) in Sim1-positive cells, mainly found in the paraventricular nucleus of the 
hypothalamus (PVN). The blank and grey areas refer to the choice sessions under ad libitum 

fed and food restricted conditions, respectively.  
 

2. Preference ratio (Figure 11): Allows evaluating the performance for one reward (for example, 
preference for wheel running over palatable food) with an index allowing inter-individual 

comparisons. 
 

Preference ratio = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑁𝑁 𝑛𝑛𝑜𝑜𝑛𝑛𝑁𝑁 𝑝𝑝𝑜𝑜𝑝𝑝𝑁𝑁𝑛𝑛 𝑜𝑜𝑜𝑜𝑁𝑁  𝑟𝑟ℎ𝑁𝑁𝑁𝑁𝑇𝑇 𝑁𝑁𝑁𝑁𝑛𝑛𝑛𝑛𝑎𝑎𝑛𝑛𝑟𝑟
𝑇𝑇𝑜𝑜𝑎𝑎𝑎𝑎𝑇𝑇 𝑛𝑛𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑛𝑛𝑜𝑜𝑛𝑛𝑁𝑁  𝑝𝑝𝑜𝑜𝑝𝑝𝑁𝑁𝑛𝑛

 x 100. 

 
Analyzed by two-way ANOVA (repeated measures) for each step separately (ad libitum fed and 

food restricted). 
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Figure 11. Preference ratio representation for the Sim-CB1 mouse line (WT vs. KO). The 
graphs presented here are the data obtained from the Sim-CB1 mouse line, comparing knock-

out mice (Sim-CB1-KO) to their wild-type littermates (Sim-CB1-WT). This transgenic mouse line 
bears a deletion of the cannabinoid type-1 receptor (CB1R) in Sim1-positive cells, mainly found 

in the paraventricular nucleus of the hypothalamus (PVN). Scores over 50% indicate a 
preference for wheel running and scores below 50% indicate a preference for the palatable food. 

White part: ad libitum fed condition choice sessions; Grey part: food restricted condition.  
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A B S T R A C T

Recent surveys have revealed close links between cannabis and exercise. Specifically, cannabis usage before and/
or after exercise is an increasingly common habit primarily aimed at boosting exercise pleasure, motivation, and
performance whilst facilitating post-exercise recovery. However, whether these beliefs reflect the true impact of
cannabis on these aspects of exercise is unknown. This study has thus examined the effects of cannabis' main
psychoactive ingredient, namely Δ9-tetrahydrocannabinol (THC), on (i) mouse wheel-running preference and
performance and (ii) running motivation and seeking behaviour. Wheel-running preference and performance
were investigated using a T-maze with free and locked wheels located at the extremity of either arm. Running
motivation and seeking were assessed by a cued-running operant task wherein wheel-running was conditioned
by nose poking. Moreover, because THC targets cannabinoid type 1 (CB1) receptors, i.e. receptors previously
documented to control running motivation, this study also assessed the role of these receptors in running pre-
ference, performance, and craving-like behaviour. Whilst acute blockade or genetic deletion of CB1 receptors
decreased running preference and performance in the T-maze, THC proved ineffective on either variable. The
failure of THC to affect running variables in the T-maze extended to running motivation, as assessed by cued-
running under a progressive ratio (PR) reinforcement schedule. This ineffectiveness of THC was not related to
the treatment protocol because it successfully increased motivation for palatable food. Although craving-like
behaviour, as indexed by a cue-induced reinstatement of running seeking, was found to depend on CB1 receptors,
THC again proved ineffective. Neither running motivation nor running seeking were affected when CB1 receptors
were further stimulated by increasing the levels of the endocannabinoid 2-arachidonoylglycerol. These results,
which suggest that the drive for running is insensitive to the acute stimulation of CB1 receptors, raise the hy-
pothesis that cannabis is devoid of effect on exercise motivation. Future investigation using chronic adminis-
tration of THC, with and without other cannabis ingredients (e.g. cannabidiol), is however required before
conclusions can be drawn.

1. Introduction

Does cannabis consumption facilitate exercise? If so, does cannabis
act on exercise motivation, exercise pleasure, and/or exercise perfor-
mance? Recent years have seen an expanding number of online press
reports from top newspapers (see e.g. Ducharme, 2019; Hesse, 2016;
Miller, 2018) and an Outlook in Nature (Nguyen, 2019) that focused on
these questions. This media interest is accounted for by a growing
number of sportspeople interviews, initially thought to be only

anecdotal, highlighting the expanding use of cannabis prior to or after
exercise (most often long-distance running). The main reasons for
cannabis use are the beliefs that it increases exercise pleasure and
performance whilst alleviating after-exercise fatigue symptoms
(Nguyen, 2019). Nowadays, the anecdotal reports on the relationship
between cannabis and exercise have given way to true scientific in-
terest. Studies based on self-reports in large individual samples confirm
that cannabis use is primarily aimed at increasing exercise pleasure
(and hence possibly precipitate the so-called “runner's high”),
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performance, motivation, and after-exercise recovery (Gillman et al.,
2015; Huestis et al., 2011; Kennedy, 2017; Ware et al., 2018). However,
how these beliefs range compared to each other was unknown until a
recent study addressed this issue. The recent legalisation of cannabis
use in several states of the United States of America has facilitated the
largest survey (i.e. hundreds of aerobic and anaerobic exercise practi-
tioners) on the beliefs underlying cannabis use before/after exercise
(YorkWilliams et al., 2019). The results indicate that beliefs linked to
exercise pleasure and after-exercise recovery actually surpass the belief
that cannabis increases exercise motivation or exercise performance
(YorkWilliams et al., 2019). The finding that exercise performance was
not the main reason why cannabis was used prior to exercise is in
keeping with the observation that cannabis negatively impacts such a
performance in certain individuals (Gillman et al., 2015; Huestis et al.,
2011; Kennedy, 2017; Ware et al., 2018). Moreover, because cannabis
does not have an ergogenic effect on its own (Ware et al., 2018), it is
widely accepted that the positive effects of cannabis on performance, if
any, are indirect and are chiefly accounted for by relaxation, well-
being, and analgesia (effects that underlie the forbidden use of cannabis
use in sport competition by the World Anti-Doping Agency since 2004).

These findings question the extent to which the belief in the positive
effects of cannabis before/after exercise reflect scientifically-proven
properties of cannabis. One means of answering this question is through
the use of animal models of exercise. However, because cannabis
cannot be provided as such to laboratory animals, one prerequisite for
the study of cannabis' impact on exercise is to identify the compounds
through which cannabis bears its effects. Cannabis is made of hundreds
of compounds (Andre et al., 2016) and it is assumed that its effects
during/after exercise, including the adverse ones (Kennedy, 2017), are
accounted for by the psychoactive properties of Δ9-tetra-
hydrocannabinol (THC; Wachtel et al., 2002). Rodent models of ex-
ercise chiefly include treadmill-running and wheel-running (swimming
is a stress response in laboratory rodents: Porsolt et al., 1978). How-
ever, the former relies on a negative reinforcement process because
rodents are forced to run to escape electric shocks or air puffs. Hence,
wheel-running, by virtue of its volitional use, is the preferred model of
exercise (Sherwin, 1998). Accordingly, most investigators place a run-
ning wheel in the rodent housing cage, thereby allowing free access to
the wheel and on-line measures of running performance. As an illus-
tration, mice housed with running wheels run several kilometres a day
(see e.g. Dubreucq et al., 2010), further suggesting that wheel-running
is a strong reward in laboratory rodents (see below).

Using home cage wheel-running, we and others have shown that the
endocannabinoid system exerts a tonic control on wheel-running per-
formance, as assessed by running distances or durations (Dubreucq
et al., 2010; Keeney et al., 2008; Zhou and Shearman, 2004). This tonic
control is mediated by CB1 receptors - the principal cannabinoid re-
ceptor in the brain - located in the ventral tegmental area (VTA;
Dubreucq et al., 2013), the structure from which project reward-reg-
ulating mesocorticolimbic dopaminergic neurones. Because THC's psy-
choactive effects are accounted for by the stimulation of CB1 receptors
(Huestis et al., 2001), it is expected that THC augments running per-
formance. Actually, when acutely tested at doses devoid of intrinsic
locomotor effects, THC lacked effects on running performance
(Dubreucq et al., 2013). However, in keeping with the running para-
digm used in this study, i.e. permanent housing with a wheel, thus al-
lowing running with neither any constraint nor any other alternative
than resting, this result does not document whether THC impacts (i)
preference for running and/or (ii) running motivation. The T-maze test
allows preference for a reward to be measured since the reward is lo-
cated at the extremity of one of the arms of the maze. Therefore, ani-
mals have to first make the choice for a distant reward before exerting
exploratory efforts to reach that reward. Several T-maze studies have
used a running wheel, either provided alone (Hill, 1961) or in con-
currence with a second reward placed at the other end of the maze
(Correa et al., 2016), but none have explored (i) whether the

endocannabinoid system controls running motivation, and if so, (ii)
whether the latter is modified by THC administration. Although it has
been claimed that the T-maze additionally provides information on
reward motivation (Robinson et al., 2005), it is thought that the (ex-
ploratory) cost to access the reward in the T-maze is too low to effi-
ciently provide such an information (unless a surmountable barrier is
added: Salamone et al., 1994). As opposed to the T-maze, cued-reward
instrumental tasks - where e.g. lever pressing is needed for reward ac-
cess - provide indices ofthe primary reinforcing value of the reward
under investigation; indeed, such procedures have confirmed that
wheel-running is highly reinforcing (Belke and Garland Jr, 2007;
Collier and Hirsch, 1971; Iversen, 1993). Measuring the maximal efforts
exerted to reach the reward under progressive ratio (PR) reinforcement
schedules provides selective indices of motivation for that reward
(Hodos, 1961). Having developed a paradigm wherein wheel-running is
conditioned by prior nose poking, we have shown that VTA CB1 re-
ceptors exert a tonic control over running motivation (Muguruza et al.,
2019). However, whether acute THC administration affects running
motivation in this paradigm remains an open question. Besides mea-
suring motivation for a reward, operant conditioning procedures fur-
ther permit craving-like behaviour for a reward to be measured by
means of a cue-induced reinstatement of reward seeking in animals that
have extinguished the cue-reward association (Shaham et al., 2003;
Venniro et al., 2016). Indeed, we have further shown that wheel-run-
ning is a reward strong enough to promote seeking after such an ex-
tinction period (Muguruza et al., 2019). Again, whether THC affects the
intensity of exercise seeking is an issue for which information is still
lacking.

The present study has thus examined the acute impact of THC ad-
ministration on (i) preference for wheel-running and running perfor-
mance in a T-maze wherein animals had the choice between two arms
containing at their extremities either a free wheel or a locked wheel,
and (ii) wheel-running motivation and craving-like behaviour, as as-
sessed through a PR session and a cue-induced reinstatement of running
seeking session respectively, using operant conditioning procedures. In
the final series of experiments, we wondered whether the effects of THC
on running motivation and seeking mimicked those elicited by an en-
dogenous overstimulation of CB1 receptors. To this end, mice were
pretreated with the monoacylglycerol lipase (MAGL) inhibitor JZL184
(Long et al., 2009a) (which increases the levels of the endocannabinoid
2-arachidonoylglycerol (2-AG), before being tested either under a PR
reinforcement schedule or in a cue-induced reinstatement of running
seeking session.

2. Materials and methods

2.1. Animals

T-Maze experiments involved male C57BL/6N mice (Elevage
Janvier, Le Genest-Saint-Isle, France) aged 8–12 weeks, and 8–14 week-
old male constitutive CB1 receptor mutant (CB1 KO) mice and their
wild-type (CB1 WT) littermates (Bellocchio et al., 2010; Dubreucq et al.,
2013; Muguruza et al., 2019). Operant conditioning procedures used
8–12 week-old males from a C57BL/6N-derived mouse line bred in our
animal facilities, namely the Cnr1flox/flox (CB1-floxed) line, and condi-
tional mutants lacking floxed CB1 receptors in cortical glutamatergic
neurons - due to the expression of the Nex-Cre recombinase (Glu-CB1
KO) - and their wild-type littermates (Glu-CB1 WT; Bellocchio et al.,
2010; Dubreucq et al., 2013; Muguruza et al., 2019). Mutant and wild-
type mice, all bred in our animal facilities, were in a mixed genetic
background with a predominant C57Bl/6N contribution. Note that CB1-
floxed mice behave similarly to C57Bl/6N with regard to the reinfor-
cing value of wheel-running and its control by CB1 receptors (Muguruza
et al., 2019). All mice were genotyped (at 2–3 weeks-old) and re-
genotyped (at the end of experiments), as described previously
(Bellocchio et al., 2010; Dubreucq et al., 2013; Muguruza et al., 2019).
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2.2. Housing

At least one week before the beginning of the experiments, all mice
were individually housed (to avoid inter-individual aggression) with (T-
maze experiments) or without (operant conditioning experiments) a
running wheel similar to that used in the T-maze (see below). Mice
were located in a thermoregulated room (21–22 °C) placed under a
partly inverted 12-h light/12-h dark cycle, with the lights turning off at
2.00 PM (T-maze experiments) or at 9.00 AM (operant conditioning
experiments). Except for one series of experiments which required a
restriction feeding regimen (see below), mice were all provided with
food and water ad libitum.

2.3. T-maze experiments

The maze was made of three grey Perspex arms (8-cm large x 14-cm
high). One arm, harbouring the start box (11-cm), was 35-cm long. The
two other arms, opposing each other, were 45-cm long, including a
compartment (16-cm long x 20-cm wide) placed at their respective
ends. Each compartment housed a free or a locked 12-cm diameter
running wheel (Intellibio, France). The right/left arm locations of the
free/locked wheel were inverted between two successive mice. Except
for one series of experiments conducted under light exposure (see
below), all experiments were run with a red lamp placed above the T-
maze to deliver a 0.2-lx illumination to the start box.

The first day of test, mice were placed in the start box and then freed
through a sliding door to allow them to explore the T-maze for 5 min
without either running wheel in the wheel compartments. One to two
hours later, each mouse was placed back in the starting chamber before
being freed to explore the T-maze for 5 min with the free and locked
wheels. The next day, mice were put back in the starting chamber be-
fore being allowed to explore the starting arm and one of the two
wheel-containing arms for 150 s, the second arm being blocked by a
sliding door. At the end of this period, mice were put back in the
starting chamber before repeating the previous test, except that the
blocked arm was now free whilst the free arm was now blocked. The
two tests achieved the second day were repeated in the opposite order
the third day. On test days 4, 5, and 6, only one daily session was
conducted wherein mice were left free to explore the T-maze for 5 min.
The initial latency to enter the free wheel, the respective numbers of
entries into the free wheel and the locked wheel, the duration of run-
ning in the free wheel, the time spent in the locked wheel, and the total
number of entries in the arms were all video-recorded by means of a
sensitive camera placed above the apparatus connected to a computer
in an adjacent room. All behavioural variables were scored by means of
a customised EVENTLOG program. Preference ratios were calculated as
the time spent running in the free wheel over the total time spent in
both free and locked wheels. Data from CB1 KO mutants and their CB1
WT littermates are reported as the mean ± SEM of the performances
recorded during days 4–6. For tests with pharmacological intervention
(C57Bl/6N mice), the performances were recorded 30 min after acute
drug (SR141716, THC) or vehicle administration on day 6. As indicated
above, mice were tested during the dark phase of the light/dark cycle in
keeping with their nocturnal activity. However, in one series of ex-
periments aimed at examining the impact of THC when mice are
naturally inactive, mice were trained (days 1–3) as described above (i.e.
under the dark phase) but exposed to T-maze tests (and THC treat-
ments) during the light phase (days 4–6) under a 56-lx illumination.

2.4. Conditioned running procedures

2.4.1. Experimental set-up
The set-up included operant chambers (28 cm × 26 cm × 38 cm;

Imetronic, France) located in a room adjacent to the housing room.
These chambers, placed inside wooden casings
(60 cm × 62 cm × 49 cm), were ventilated to guarantee air circulation

and to provide background noise. The rear wall had a hollow for
mounting a 20-cm-wheel that was locked or unlocked (by means of a
brake-pad) according to predefined experimental conditions. The cen-
tral wheel was flanked by 2 small holes set into the rear wall, allowing
the animal to ‘poke’ its nose through, with cue-lights located above nose
poke ports. An additional light was placed above the wheel, which il-
luminated the wheel while it was unlocked. Nose pokes could be either
“active” (simultaneously leading to cue-light illumination above the
active port, wheel unlocking, and illumination of the wheel) or “in-
active” (having no consequence). The left/right allocation of active/
inactive ports was switched between animals. A grilled floor was placed
above a drawer to allow for easy removal of solid/liquid waste material.
All devices in the operant chambers were linked to a computer
(Polywheel software, version 5.2.2; Imetronic, France). The number of
active/inactive nose pokes, the number of running sequences, and the
running duration of each rewarded sequence were detected and trans-
mitted online (Hurel et al., 2019; Muguruza et al., 2019).

2.4.2. Wheel-running under fixed ratio (FR) and PR reinforcement
schedules

The operant protocol consisted of daily 1-h sessions, as previously
described (Hurel et al., 2019; Muguruza et al., 2019). The first day,
mice were placed in the chambers, with the light above the unlocked
running wheel remaining illuminated during the whole session. The
nose poke ports were covered up by metal pieces and the cue-light
above the active port remained off. This phase – which was performed
on 2 consecutive days – was aimed at habituating the mice to the op-
erant chambers, the wheel, and the wheel-light indicating availability
of the reward. When learning sessions began on the third day (session
1), the wheel locking/unlocking mechanism and the nose poke ports
became fully operational. The wheel was unlocked for 1 min (wheel
brake released) following nose pokes the mouse performed in its allo-
cated active port. The other port, although accessible, remained in-
active. Learning sessions began with FR1 sessions during which a single
active nose poke was sufficient to simultaneously illuminate the cue-
light above the port for 10 s and unlock the running wheel for 1 min
under light. When this time period elapsed, the wheel-light ex-
tinguished and the brake was applied, so that the mouse had to step
down from the wheel and execute a further nose poke in order to unlock
it again. Nose pokes made in the active port while the wheel was al-
ready unlocked were without effect. After completing the FR1 schedule
of reinforcement (6 daily sessions), mice were moved on to the FR3
condition where a 1-min wheel-running period was contingent on 3
consecutive active nose pokes. This experimental condition was re-
peated over 6 sessions. The day after the last FR3 session, four mouse
groups were formed on the basis of similar mean nose pokes scores
during this last FR3 session (to avoid a priori biases). Mice were then
injected with THC or JZL184 (or their corresponding vehicle) 30 min or
120 min, respectively, before being tested under a linear PR schedule of
reinforcement. Under this schedule, the number of active nose pokes
required to free the running wheel was incremented by 3 between each
rewarded step with a time limit of 15 min between two successive steps.

2.4.3. Cue-induced reinstatement of running seeking
In another series of experiments, mice were placed under 12 FR (6

FR1 followed by 6 FR3) sessions of conditioned wheel-running as de-
scribed above. Twenty four hours after the last FR3 session (session 12),
mice underwent daily 1-h extinction sessions for 7 consecutive days.
Throughout the extinction procedure, neither active nose poke ports
nor cue lights were active and the running wheel remaining locked, as
previously described (Muguruza et al., 2019). The day after the last
extinction session (session 19), mouse groups - with identical scores
during that session - were pretreated with either (i) THC or its vehicle,
or (ii) JZL184 or its vehicle. Thirty minutes (THC experiments) or two
hours (JZL184 experiments) later, a cue-induced reinstatement session
was performed (session 20). Two minutes after this session began, a

I. Hurel, et al. Progress in Neuropsychopharmacology & Biological Psychiatry 105 (2021) 110117

3



single 10-s lighting of the cue above the active nose poke port appeared.
Then, when the animal performed one active nose poke (as for the FR1
schedule) the cue-light was lit again for 5 s (the wheel remaining
locked, including for the rest of the session). Next, three active nose
pokes were required (as for the FR3 schedule) to switch on the light;
this procedure was then kept constant throughout the session. What-
ever the number of active nose pokes required to light the active port,
the running wheel remained locked whilst the cue light above the wheel
remained inactive (Muguruza et al., 2019).

2.4.4. Conditioned feeding procedures
Owing to the stimulatory effect of THC on palatable feeding, we

verified that the highest dose of THC used in this study (1 mg/kg) was
pharmacologically efficient by measuring its acute impact on motiva-
tion for palatable feeding in food-restricted mice. The operant chambers
described above were configured so as to host on their left panel a re-
cessed pellet tray surrounded by two nose poke ports (Hurel et al.,
2019; Muguruza et al., 2019). Cue-lights were placed above both the
nose poke ports and the feeder to indicate effectiveness of the nose
pokes and pellet distribution, respectively. The rear side (where the
running wheel and its corresponding nose poke ports and cue-lights are
located; see above) was covered by grey Perspex. Note that the operant
protocol consisted of 30-min daily sessions to avoid premature satiety.

The daily food consumption and the body weight of each mouse
were recorded every day for a week before mice were given a limited
quantity of food so as to maintain their body weight to 90% levels of
their free-feeding weight. Prior to the onset of the operant conditioning
procedure, animals were first habituated to the 20-mg chocolate pellets
used in the operant chambers (Dustless precision pellets F05301; Plexx,
The Netherlands for BioServ) by being provided with 5 pellets/day for
3 days in their home cages. Thereafter, mice were placed in the
chambers with the cue light above the pellet tray remaining illuminated
while the two NP ports were covered-up by metal objects. Immediately
after placement of the mouse in the operant chamber, 17 food pellets
were successively distributed to the tray. This first conditioning session
was aimed at habituating the mice to both the operant chamber, the
feeder, and the cues indicating pellet distribution. When learning ses-
sions began, the feeder was empty whilst the NP ports were fully op-
erational. During FR1 sessions, a single active NP was sufficient to si-
multaneously illuminate the cue-lights above the active nose poke port
and the feeder and to dispense one pellet. NP in the inactive port were
counted but had no effect. The pellet distribution was followed by a 15-
s time-out period during which NP activity was ineffectual To compare
with operant running experiments, the number of FR1 sessions was
fixed to 6, a number sufficient to reach performance stability. After
completing the FR1 schedule of reinforcement, mice moved on to the
FR3 condition, i.e. mice had to NP 3 consecutive times in the active port
to get one food pellet. As above, this experimental condition was re-
peated over 6 sessions. The day after the last FR3 session, two mouse
groups were formed on the basis of similar mean nose poke scores
during this last FR3 session. Mouse groups were then injected with
1 mg/kg THC or its vehicle 30 min before being tested under a linear PR
schedule of reinforcement similar to the one described above, except
that there were no time limits between steps in keeping with the short
(i.e. 30-min) duration of the PR session (Hurel et al., 2019; Muguruza
et al., 2019).

2.5. Drugs

SR141716 and JZL184 were from Interchim (Montluçon, France, for
Caiman Chemical) whilst THC was from THC-Pharm GmbH (Frankfurt,
Germany). SR141716 (3 mg/kg) or its vehicle (DMSO, final con-
centration: 1.25%) were diluted in one droplet of Tween 80 and then in
0.9% NaCl. THC (0.1–1 mg/kg) or its vehicle (a mixture of ethanol and
Cremophor-EL at final concentrations of 5%) were dissolved in 0.9%
NaCl (final concentration of ethanol: 0.395 g/kg). JZL184 (8 mg/kg) or

its vehicle (DMSO, final concentration: 10%) were diluted in one dro-
plet of Tween 80 and then in 0.9% NaCl. All volumes of (i.p.) injection
were 10 ml/kg.

2.6. Statistics

Data are shown as mean ± SEM with individual values. Because
several data sets did not obey normality rules and/or displayed var-
iance heterogeneities, all data were analysed with non-parametric tests.
Except for two series of experiments involving multiple THC doses, all
data were compared with a Mann–Whitney test (2-group comparisons).
Multiple THC doses were compared by means of Kruskal–Wallis ana-
lyses of variance. However, these analyses of variance did not prove
significant, hence impeding post hoc comparisons. All analyses were
achieved using GB-Stat software (version 10.0; Dynamic Microsystems
Inc., CA, USA).

3. Results

3.1. Effects of THC on wheel-running preference and performance in T-
maze tests

We developed a choice procedure wherein two arms contained at
their extremities either a free wheel or a locked wheel (Fig. 1A). This
design allowed us to measure (i) the initial latency to reach the wheel
and run, (ii) running preference (over a locked wheel), and (iii) running
performance during 5-min tests. In contrast to operant conditioning
procedures in which the role of CB1 receptors in the control of running
motivation has been established (see above), their role in T-maze be-
haviours remained to be established. In the first series of experiments,
we thus assessed which of the above-mentioned running variables were
decreased by CB1 receptor blockade or by genetic deletion of CB1 re-
ceptors. The CB1 receptor antagonist SR141716, which was adminis-
tered at a dose (3 mg/kg) devoid of any intrinsic effect on locomotion
(as indicated by total exploration scores; Fig. 1B), did not affect the
initial latency to run (Fig. 1C) but decreased free wheel preference
(Mann-Whitney test: z = 2.57, p = 0.009; Fig. 1D) and the running
duration per sequence (Mann-Whitney test: z = 2.24, p = 0.025;
Fig. 1E). Compared to CB1 WT mice, mice lacking CB1 receptors (CB1
KO mice) showed similar locomotion (Fig. 1F) but were impaired in the
initial latency for the first running sequence (Mann-Whitney test:
z = 2.29, p= 0.022; Fig. 1G), in free wheel preference (Mann-Whitney
test: z = 3.05, p = 0.002; Fig. 1H), and in the mean running duration
per running sequence (Mann-Whitney test: z = 2.63, p = 0.008;
Fig. 1I).

As opposed to the effects of CB1 receptor blockade or deletion,
nonselective stimulation of these receptors by THC, at doses lacking
intrinsic effects on locomotion (Fig. 1J), was ineffective on T-maze
variables (Fig. 1 K-M). These results led us to consider the possibility
that THC does not affect running preference when intrinsically high, as
expected during the dark phase of the light/dark cycle. Thus, we next
tested the effects of THC during the light phase, i.e. when running ac-
tivity and hence preference is the weakest (see Discussion). Testing
during the light phase increased the initial latency to run in vehicle-
injected mice, compared to that measured in vehicle-injected mice
tested in the dark phase (Mann-Whitney test: z = 2.48, p = 0.013;
Fig. 1O). In addition, it decreased the total running duration during the
5-min test (89.2 ± 19.4 s and 38.4 ± 6.5 s in mice tested under the
dark and the light phases, respectively; Mann-Whitney test: z = 2.06,
p= 0.039). However, contrarily to our expectations, a 1 mg/kg dose of
THC still proved ineffective in the T-maze when tested under the light
phase (Fig. 1 N-Q).

3.2. Effects of THC on wheel-running motivation

Using a mouse operant procedure wherein nose poke performance
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temporarily unlocks a running wheel (Fig. 2A), we trained mice under
FR1 and FR3 reinforcement schedules (Fig. 2B), and then administered
0.1–1 mg/kg doses of THC 30 min before a PR session. Indeed, none of
these doses affected the maximal number of nose pokes performed
during that session (as indicated by Kruskal-Wallis analyses of variance;
Fig. 2C) and, hence, breakpoint levels (which ranged from 7.6 ± 1.1 to
10.5 ± 1.3 in THC-injected mice, compared to 9.8 ± 1.2 in vehicle-
injected mice). This observation extended to running performances, as
assessed by the running duration per rewarded sequence (Fig. 2D).

These negative results might be rooted in the inability of our THC
treatment protocols to effectively stimulate CB1 receptors, and hence
affect running motivation. We thus tested the impact of a 1 mg/kg dose
of THC on motivation for another reward, namely palatable feeding.
Accordingly, mice were tested in a cued-feeding instrumental task
wherein food-restricted animals had to nose poke under a PR re-
inforcement schedule to get access to chocolate-flavoured pellets
(Fig. 2E). Following efficient training under FR1 and FR3 schedules of
reinforcement (Fig. 2F), mice were treated with 1 mg/kg THC before
the PR session. This treatment increased the maximal number of nose
pokes performed to get access to food pellets (Mann-Whitney test:
z = 2.12, p= 0.034; Fig. 2G), leading to an increased breakpoint level
(44 ± 2 and 53.7 ± 3.9 in vehicle- and THC-treated mice, respec-
tively; Mann-Whitney test: z = 1.97, p = 0.049). THC-elicited po-
tentiation of feeding motivation increased food pellet consumption,
albeit to a nonsignificant extent (Mann-Whitney test: z = 1.88,
p = 0.06; Fig. 2H). These series of experiments thus suggested that the
net impact of THC on motivation for a reward was dependent on the
type of reward.

3.3. Effects of THC on wheel-running seeking

Cue-induced reinstatement of reward seeking in animals that have
extinguished a reward-reinforced task performance (lever pressing,
nose poking) allows us to study craving-like behaviour for that reward
(Shaham et al., 2003; Venniro et al., 2016). In the present series of
experiments, we thus aimed at investigating whether THC affects ex-
ercise craving-like behaviour (Fig. 3A). As for T-maze experiments, we
first investigated whether wheel-running seeking after extinction of
running-reinforced nose poking is controlled by CB1 receptors. To se-
lectively assess the role of these receptors during the reinstatement step
(thus excluding the use of CB1 KO mice which display decreased op-
erant responses under FR schedules of reinforcement), naive mice were
first exposed to FR reinforcement schedules (Fig. 3B) before being ex-
posed to an extinction period of running-reinforced nose poking
(Fig. 3C). Thereafter, mice were pretreated with the CB1 receptor an-
tagonist SR141716 (or its vehicle) before a cue-induced reinstatement
session. Pretreatment with this antagonist decreased the number of
nose pokes performed during reinstatement of running seeking (Mann-
Whitney test: z = 2.78, p = 0.005; Fig. 3D), indicating that it is con-
trolled by CB1 receptors. Taking advantage of this result, we aimed at
further dissecting the relationships between the endocannabinoid
system and cue-induced reinstatement of running seeking. Because
frontocortical glutamatergic neurones play a key role in cue-induced
reinstatement of reward seeking (Gourley and Taylor, 2016; Shaham
et al., 2003), we wondered whether these neurones host the CB1 re-
ceptor population controlling running seeking. As shown previously

(Muguruza et al., 2019), the primary reinforcing value of wheel-run-
ning was not different between mice lacking CB1 receptors on cortical
glutamatergic neurones (Glu-CB1 KO mice) and their wild-type (Glu-
CB1 WT) littermates (Fig. 3E). Similar genotype-independent patterns
emerged during either the extinction period (Fig. 3F) or a cue-induced
reinstatement session (Fig. 3G).

Having established that CB1 receptors control running seeking (in-
dependently of cortical glutamatergic processes), we then tested the
effect of a 1 mg/kg dose of THC. Administration of this dose in mice
that underwent prior FR training (Fig. 3H) and extinction (Fig. 3I)
phases did not change the amplitude of running seeking (Fig. 3J). Taken
together, these data indicated that although CB1 receptors control
running seeking, their stimulation by THC does not affect this beha-
viour.

3.4. Effects of JZL184 on wheel-running motivation and seeking

The above operant conditioning experiments indicated that THC
does not stimulate running motivation or running seeking, which both
require tonic CB1 receptor stimulation (see Discussion). In turn, this
suggested that the exogenous overstimulation of CB1 receptors was
ineffective on either running variable, hence questioning the general-
isation of this ineffectiveness to the endogenous overstimulation of CB1
receptors. Prior evidence for 2-AG being the endocannabinoid through
which CB1 receptors control reward processes (Covey et al., 2017) led
us to examine whether JZL184 boosts running motivation. JZL184 is a
selective inhibitor of MAGL (Long et al., 2009a), the enzyme that de-
grades 2-AG molecules at the presynaptic level. Administration of
JZL184 thus potentiates 2-AG-elicited stimulation of CB1 receptors.
Mice conditioned to run (Fig. 4A) under FR1 and FR3 reinforcement
schedules (Fig. 4B) were thus tested in a PR session 2 h after being
administered 8 mg/kg JZL184 (or its vehicle). Indeed, JZL184-treated
animals displayed running motivation scores (Fig. 4C) and running
performances during each rewarded sequence (Fig. 4D) that were both
similar to those measured in vehicle-injected animals. To examine
whether MAGL inhibition affected exercise craving-like behaviour,
mice that had undergone FR1/3 (Fig. 4E) and extinction (Fig. 4F) ses-
sions were administered JZL184 before a cue-induced reinstatement. As
for running motivation, MAGL inhibition did not change the intensity of
running seeking (Fig. 4G). These data thus suggested that both running
motivation and running seeking were unaffected by the endogenous
overstimulation of CB1 receptors.

4. Discussion

Self-reports suggest that cannabis usage prior to exercise is mainly
aimed at increasing exercise pleasure whilst facilitating post-exercise
recovery (Gillman et al., 2015; Huestis et al., 2011; Kennedy, 2017;
Ware et al., 2018). In some cases, cannabis usage might also increase
exercise motivation, and to a lesser extent, performance (YorkWilliams
et al., 2019), although these effects might occur in a sport discipline-
dependent manner (Lorente et al., 2005). This information, however,
relies on survey-based beliefs for which scientific grounds are still
lacking. This study has therefore examined in mice the respective im-
pacts of cannabis' main psychoactive ingredient, namely THC, on run-
ning performance, preference, and motivation, and extended this

Fig. 1. Wheel-running preference and performance are insensitive to THC. (A) T-maze set-up with free and locked running wheels at arm extremities. Except for one
series of experiments (N-Q), all tests were ran during the dark phase of the light/dark cycle. Acute CB1 receptor blockade by SR141716 (3 mg/kg, n = 6) 30 min
beforehand affects neither total locomotion (B) nor the initial latency to run (C) but reduces free wheel preference (D) and running duration per running sequence
(E), compared to its vehicle (n = 6). Total locomotion is similar in mice with a genetic deletion of CB1 receptors (CB1 KO; n= 15), compared to their wild-type (CB1
WT; n= 19) littermates (F). CB1 KO animals display an increased initial latency to run (G), decreased wheel preference (H), and decreased running performance per
running sequence (I), compared to CB1 WT mice. Administration of 0.1 or 1 mg/kg THC (n = 8 per dose) 30 min beforehand does not affect T-maze behaviours,
compared to vehicle treatment (n = 8; J-M). Administration of 1 mg/kg THC (n= 9) during the light phase of the light/dark cycle does not alter T-maze behaviours,
compared to vehicle administration (n = 11; N-Q). All data are shown as mean ± SEM. * p < 0.05 and ** p < 0.01 (Mann-Whitney tests).
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Fig. 2. THC boosts motivation for palatable feeding, but not for wheel-running. (A) Operant chamber set-up for the study of wheel-running motivation. (B)
Performances of active and inactive nose pokes during the conditioning phase of wheel-running (12 sessions) under FR1 and FR3 schedules of reinforcement
(n= 41). (C and D) Administration of 0.1–1 mg/kg doses of THC (n= 10–11 per dose) 30 min beforehand does not affect either the maximal number of nose pokes
performed (C) or the running duration per rewarded sequence (D) under a PR reinforcement schedule. (E) Operant chamber set-up for the study of palatable food
motivation. (F) Performances of active and inactive nose pokes during the conditioning phase of feeding (12 sessions) under FR1 and FR3 schedules of reinforcement
(n= 18). (G and H) Administration of 1 mg/kg THC (n = 10) 30 min beforehand increases the maximal number of nose pokes performed (G) but not the number of
food pellets consumed (D) under a PR reinforcement schedule, compared to vehicle (n = 8). All data are shown as mean ± SEM. * p < 0.05 (Mann-Whitney tests).
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Fig. 3. Cue-induced reinstatement of wheel-running seeking is insensitive to THC. (A) Operant chamber set-up for the study of wheel-running seeking. (B and C)
Active and inactive nose pokes for wheel-running under FR1 and FR3 schedules of reinforcement (B) and during extinction sessions (n = 19; C). (D) Pretreatment
with the CB1 receptor antagonist SR141716 (3 mg/kg, n = 9) 30 min beforehand decreases active nose poke performance during a cue-induced reinstatement
session, compared with its vehicle (n = 10). (E and F) Active and inactive nose pokes for wheel-running under FR1 and FR3 schedules of reinforcement (E) and
during extinction sessions (F) in mice lacking CB1 receptors on cortical glutamatergic neurones (Glu-CB1 KO; n = 16) and in their wild-type (Glu-CB1 WT; n = 17)
littermates. (G) Cue-induced reinstatement of wheel-running seeking is not different between Glu-CB1 KO and Glu-CB1 WT mice. (H and I) Active and inactive nose
pokes for wheel-running under FR1 and FR3 schedules of reinforcement (H) and during extinction sessions (n = 27; I). (J) Active nose poke performance during a
cue-induced reinstatement session is insensitive to a pretreatment 30 min beforehand with a 1 mg/kg dose of THC (n = 13), compared to vehicle pretreatment
(n = 14). All data are shown as mean ± SEM. ** p < 0.01 (Mann-Whitney tests).
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investigation to running seeking. Although CB1 receptors exert a tonic
control on running motivation, their stimulation by THC boosted nei-
ther running motivation nor running performance. Conversely, THC
increased palatable feeding motivation, suggesting that THC might
stimulate reward motivation in a reinforcer-dependent manner. The
inability of THC to stimulate running motivation extended to exercise
craving-like behaviour, as assessed by a cue-induced reinstatement of
running seeking. The finding that similar results were observed when 2-
AG degradation was impeded suggests that running motivation and
performance are insensitive to the acute endogenous/exogenous over-
stimulation of CB1 receptors.

In the first series of experiments, we aimed at investigating whether
THC affects running preference and performance. To do so, we could
have used classical conditioned place preference tests whereby neuro-
biological bases for wheel-running preference have been established
(Fernandes et al., 2015; Lett et al., 2001). However, these tests actually
measure after-running, rather than running, preference, and it has been
reported that running and after-running might depend on different
processes (Belke and Wagner, 2005). This led us to use a different
paradigm. We thus developed a T-maze procedure wherein mice could
choose between a free running wheel and a locked wheel (in order to
control for unspecific reward preferences linked to wheel shape or
texture). We first observed that CB1 receptors exert a tonic control on
running preference and performance. Whether these receptors are those
shown to control running motivation under operant conditioning

procedures (Muguruza et al., 2019) is presently unknown. In this con-
text, it is relevant to mention that the T-maze has been proposed to
provide a motivation index by means of the initial latency to reach the
reward (Robinson et al., 2005). This suggestion is supported by the
observation that dopamine transients in the nucleus accumbens (to
which project VTA dopaminergic neurones) progressively increase with
the approach to the reward at the arm extremity (Howe et al., 2013).
Our finding that the genetic deletion of CB1 receptors increased the
initial latency to reach the reward therefore might suggest that running
motivation, whether measured in the T-maze or under PR reinforce-
ment schedules, is controlled by one unique CB1 receptor population
(located on GABAergic terminals; Muguruza et al., 2019). The addi-
tional observation that neither SR141716 pretreatment nor genetic
deletion of the CB1 receptor gene affected total locomotion confirmed
our previous suggestion that CB1 receptor-dependent controls of loco-
motor and running activities rely on distinct processes (Chaouloff et al.,
2011). As opposed to the acute blockade of CB1 receptors, their acute
stimulation by THC failed to affect running preference or running
performance. The latter result is in keeping with our previous ob-
servation that at doses up to 1 mg/kg THC does not modify free wheel-
running performance (Dubreucq et al., 2013). Several explanations
might be provided for the inability of THC to affect T-maze behaviours.
Besides that based on a balance between rewarding and aversive effects
of THC (Han et al., 2017; see below), one possible explanation is that
due to the partial agonistic property of THC (Pertwee, 2008), THC can

Fig. 4. Wheel-running motivation and seeking are insensitive to MAGL inhibition. (A) Operant chamber set-up for the study of running motivation and craving-like
behaviour. (B) Performances of active and inactive nose pokes during the conditioning phase of wheel-running (12 sessions) under FR1 and FR3 schedules of
reinforcement (n= 24). (C and D) Administration of 8 mg/kg JZL184 (n= 12) 2 h beforehand does not change the maximal number of nose pokes performed (C) or
the running duration per rewarded sequence (D) under a PR reinforcement schedule, compared to vehicle administration (n = 12). (E and F) Active and inactive nose
pokes for wheel-running under FR1 and FR3 schedules of reinforcement (E) and during extinction sessions (n = 32; F). (G) Active nose poke performance during a
cue-induced reinstatement session is insensitive to a pretreatment 2 h beforehand with an 8 mg/kg dose of JZL184 (n = 16), compared to vehicle pretreatment
(n = 16). All data are shown as mean ± SEM.
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behave as a CB1 receptor antagonist when this receptor is weakly ex-
pressed. However, the observation that SR141716 was effective in the
T-maze renders this possibility unlikely. Alternatively, the failure of
THC to affect T-maze behaviours could be explained by the inability of
the cannabinoid, at the doses used herein, to effectively stimulate CB1
receptors. Besides previous evidence for 1 mg/kg THC being effective
on other CB1 receptor-dependent functions in mice, including fasting-
induced refeeding (Bellocchio et al., 2010) and mediated aversion in
reality testing paradigms (Busquets-Garcia et al., 2017), our present
observation that this THC dose increased motivation for palatable
feeding (see below) permits us to reject this possibility. Another ex-
planation lies in our experimental conditions. Mice were tested during
the dark phase of the light/dark cycle, i.e. when animals are the most
active and hence the most motivated for running. Confirmingly, la-
boratory rodents voluntarily perform most, if not all, of their daily
wheel-running activity during the dark phase of the diurnal cycle (see
Dubreucq et al., 2013 for an illustration). Indeed, there is evidence for a
circadian regulation of mesocorticolimbic VTA dopaminergic neuronal
activities (Mendoza and Challet, 2014; Sidor et al., 2015). Accordingly,
we could not discard the possibility that running preference, and hence
performance, reached their maximal levels when tests were performed,
thus impeding stimulatory impacts of THC on these variables. To ex-
amine this possibility, we then tested THC effects under the light phase
of the light/dark cycle, i.e. when the reinforcing value of wheel-running
is at its lowest level. As expected, the initial latencies to reach the free
wheel were increased whilst running performances were decreased,
compared to the values measured during the dark phase. These differ-
ences were not accounted for by putative differences in training effi-
ciencies because mice from both series of experiments were trained
under the dark phase, and hence showed similar scores during the
training process. THC still proved ineffective on running preference and
performance when tested during the light phase, indicating that the
inability of THC to boost these variables is independent of baseline
reinforcing values of wheel-running. However, we cannot exclude that
mice felt the light as stressful, which might have introduced a bias in
our analysis of THC effects under low running motivation.

Operant responding for a reward under PR reinforcement schedules
allows for a selective estimation of the drive for that reward (Hodos,
1961). By means of this procedure, we have shown that CB1 receptors
present in the VTA are both necessary and sufficient for running mo-
tivation (Muguruza et al., 2019). This receptor population, located on
GABAergic terminals, is likely the one shown to control running per-
formance under no-cost conditions, i.e. when mice have free access to
the wheel (Dubreucq et al., 2013). The finding that running motivation
levels, as measured under PR reinforcement schedules, correlate with
the firing rates of VTA dopaminergic neurones (Muguruza et al., 2019)
strengthens the hypothesis that CB1 receptors controlling running mo-
tivation are located on GABAergic terminals exerting a tonic inhibitory
control of VTA dopaminergic neurones (Covey et al., 2017; Lupica and
Riegel, 2005; Melis et al., 2012). Indeed, disinhibition of dopaminergic
neurones, as expected from the stimulation of this CB1 receptor popu-
lation, generates high-frequency bursts in these neurones (Lobb et al.,
2010), hence allowing reward processing (Corre et al., 2018; van Zessen
et al., 2012). Acute THC increases VTA dopaminergic activity and do-
pamine release at projection sites (Chen et al., 1993; French et al.,
1997; Tanda et al., 1997), including in humans (Bossong et al., 2015),
and does so likely through VTA CB1 receptor-expressing GABAergic
neurones (Covey et al., 2017; Lupica and Riegel, 2005; but see Good
and Lupica, 2010). These data thus strongly suggested that THC might
actually amplify running motivation; however, doses up to 1 mg/kg
were found to be ineffective. This result could not be explained by the
(5%) ethanol solution in which THC was dissolved as breakpoint levels
and running performances were respectively similar in vehicle-injected
mice and in mice injected with JZL184 vehicle (which was ethanol-
free). Taken with the above mentioned observation that a 1 mg/kg dose
of THC increased palatable feeding motivation (in agreement with

Barbano et al., 2009), this last result indicates that THC stimulates
motivation for one reinforcer but not for another. This differential effect
of THC might be accounted for by the findings that running motivation
and motivation for palatable feeding are controlled by different CB1
receptor populations. Thus, whilst CB1 receptors on GABAergic neu-
rones exert a tight control on running motivation, these receptors are
not involved in the CB1 receptor-mediated control of the motivation for
palatable feeding (Muguruza et al., 2019). On the other hand, CB1 re-
ceptors located on cortical glutamatergic neurones lack influence on
running motivation (Muguruza et al., 2019) but control in a tonic
manner motivation for palatable feeding (Domingo-Rodriguez et al.,
2020). These findings, which illustrate how the endocannabinoid
system controls motivation in a reward-specific manner, suggest that
THC might then preferentially stimulate CB1 receptors located on cor-
tical glutamatergic neurones when offered palatable food whilst it
might preferentially stimulate CB1 receptors located on GABAergic
neurones when offered wheel-running. In addition to this qualitative
(CB1 receptor population-dependent) control of reward motivation,
THC might also exert a quantitative (CB1 receptor population-depen-
dent) control of reward consumption (and possibly motivation). Thus,
mouse fasting-refeeding experiments have indicated that the respective
hyperphagic and hypophagic effects of 1 mg/kg and 2.5 mg/kg doses of
THC are mediated by distinct CB1 receptor populations. Thus, THC-
induced hyperphagia depends on CB1 receptors located on glutama-
tergic neurones whilst the hypophagic effect of THC requires CB1 re-
ceptors located on GABAergic neurones (Bellocchio et al., 2010).
Whether this differential control finds its origins at the motivation level
remains however to be determined. Another possibility relates to the
finding that GABA-mediated reinforcing effects of THC, when present,
might be opposed by the aversive consequences of THC stimulation of
CB1 receptors on VTA (Vglut2-expressing) glutamatergic neurones (Han
et al., 2017) and/or CB2 receptors on dopaminergic neurones (Zhang
et al., 2014). Although we cannot reject the hypothesis that such op-
posing actions of THC occur when animals want to run, but not to feed,
two observations suggest that this might not be the case. First, THC
doses lower than 3 mg/kg did not target CB1 receptors on VTA gluta-
matergic neurones in mice (Han et al., 2017). Second, neither a selec-
tive CB2 receptor agonist nor a CB2 receptor antagonist modified wheel-
running performance under no-cost conditions (Dubreucq et al., 2013),
suggesting that running motivation and/or intrinsic running perfor-
mance are insensitive to CB2 receptor stimulation. One last mechanism
that possibly underlies the differential effects of THC on palatable
feeding motivation and running motivation involves the use of food
restriction, as opposed to ad libitum feeding, in palatable feeding tests.
Indeed, VTA dopaminergic neurones – through which THC affects re-
ward processes (see above) – are highly sensitive to chronic food re-
striction. As an example, amphetamine- and cocaine-elicited increases
in accumbal extracellular dopamine levels are amplified by chronic
food restriction (Cadoni et al., 2003; Rougé-Pont et al., 1995; Stuber
et al., 2002). Moreover, the burst firing activity of dopaminergic neu-
rones is increased by prior food restriction (Branch et al., 2013). Apart
from intrinsic impacts on VTA dopaminergic neurones, food restriction
also elicits CB1 receptor-dependent changes in synaptic plasticity
(Thoeni et al., 2020), which might have contributed to the aforemen-
tioned differential effects of THC on motivation for feeding and run-
ning.

There is overwhelming evidence for CB1 receptors exerting a control
on reinstatement of drug-seeking following drug-free periods. For ex-
ample, SR141716 has been shown to block reinstatement for heroin
triggered by a priming injection of the opioid (Fattore et al., 2003).
Similarly, CB1 receptor blockade prevents cocaine-elicited reinstate-
ment of cocaine seeking (De Vries et al., 2001). When reinstatement is
promoted by the exposure to the cues paired with reward self-admin-
istration, SR141716 decreases reinstatement for drugs such as cocaine
(De Vries et al., 2001), methamphetamine (Anggadiredja et al., 2004),
heroin, nicotine, and alcohol (De Vries and Schoffelmeer, 2005) and for
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a natural reward such as palatable food (De Vries and Schoffelmeer,
2005; Ward et al., 2007). In line with these results, SR141716 de-
creased cue-induced reinstatement of running seeking, suggesting that
CB1 receptors control this behaviour. However, because we could not
test CB1 receptor knock-out mice due to the lower reinforcing value of
wheel-running in these mice, as evidenced under FR reinforcement
schedules (Muguruza et al., 2019), it is unknown whether this negative
impact of SR141716 was accounted for by its CB1 receptor blocking
properties or by its inverse agonist actions at these receptors
(Bouaboula et al., 1997). On the other hand, it is unlikely that
SR141716 decreased running seeking through its blockade of mu-
opioid receptors (Seely et al., 2012) because in vivo evidence for such a
blockade in mice was based on a high (10 mg/kg) dose of SR141716. In
this context, it is relevant to note that naloxone, at a dose (3 mg/kg)
decreasing fasting-induced refeeding by more than 60%, failed to alter
wheel-running motivation (as assessed under PR reinforcement sche-
dules; unpublished observations), an observation in line with a previous
report in rats (Rasmussen and Hillman, 2011). The observation that the
CB1 receptor population controlling cue-induced reinstatement of run-
ning seeking is not located on cortical glutamatergic neurones contrasts
with the finding that cue-induced reinstatement of cocaine seeking is
increased in Glu-CB1 KO mice compared to Glu-CB1 WT mice (Martín-
García et al., 2016). Because the deletion of CB1 receptors from GA-
BAergic neurones diminishes motivation for running (Muguruza et al.,
2019), but increases that for cocaine (Martín-García et al., 2016), our
results reinforce the above-mentioned suggestion that the mechanisms
through which the endocannabinoid system controls reward processes
are reward-dependent. Studies aimed at examining the effects of THC in
reinstatement protocols have provided mixed results. Thus, THC failed
to affect drug priming-elicited reinstatement for heroin (Fattore et al.,
2003) or for cocaine (Schenk and Partridge, 1999), reduced reinstate-
ment for methamphetamine (but increased that elicited by exposure to
the conditioning cues: Anggadiredja et al., 2004), and increased alcohol
seeking (McGregor et al., 2005). The present study indicates that THC
does not modify wheel-running seeking, as modelled by a cue-induced
reinstatement protocol. However, whether a similar result would have
been observed if the animals had been primed by a preliminary free
access to the wheel remains to be explored.

Taken together, the present observations indicate that acute THC
administration does not affect running preference, performance, or
motivation, suggesting in a more general manner that CB1 receptor
stimulation does not bear an effect on running. Although there is bio-
chemical (Diez-Alarcia et al., 2016) and behavioural (Panagis et al.,
2014) evidence for functional differences between THC and proto-
typical CB1 receptor agonists, our results suggest that stimulation of CB1
receptors cannot boost running when these receptors are already en-
dogenously stimulated by endocannabinoids. If true, it is then expected
that overstimulating these receptors, e.g. by blocking endocannabinoid
degradation, would be without impact on running variables. In keeping
with the key role of 2-AG in the control of VTA dopaminergic activity
(and hence reward processes) by the endocannabinoid system (Covey
et al., 2018; Oleson et al., 2014; Oleson et al., 2012; but see Wiebelhaus
et al., 2015), we thus tested the impact of the MAGL inhibitor JZL184.
As observed with THC, a mouse treatment regimen (8 mg/kg, 2 h be-
forehand) shown to increase tissue 2-AG levels (Busquets-Garcia et al.,
2011; Long et al., 2009a) and to increase motivation for alcohol
(Gianessi et al., 2020), affected neither running motivation nor running
seeking. Our results suggest that potentiating the endocannabinoidergic
tone (and hence CB1 receptor stimulation) through inhibition of 2-AG
degradation does not further increase the drive for running. On the
other hand, this raises the possibility that increasing the en-
docannabinoidergic tone through degradation of the other major en-
docannabinoid, namely anandamide (AEA), might have led to a dif-
ferent result. This suggestion is at first sight supported by the
observation that acute exercise increases circulating levels of AEA, but
not 2-AG, in humans (Hillard, 2018). However, except for one study

which also observed an increase in AEA levels (Fuss et al., 2015), the
other analyses of blood endocannabinoid levels in trained rodents ex-
posed to acute wheel-running sessions did not detect changes in en-
docannabinoid levels (Chaouloff et al., 2012; Thompson et al., 2017).
Moreover, studies aimed at examining the impact of acute wheel-run-
ning on brain endocannabinoids failed to detect significant increases
(Chaouloff et al., 2012; Fuss et al., 2015; Thompson et al., 2017), a
result which might be accounted for by the time lag between brain
sampling and exercise onset and/or the likeliness that changes in en-
docannabinoid release with exercise are too discrete with regard to
their location to be observed in gross tissue samples. Although we
cannot discard the possibility that increasing AEA levels or both AEA
and 2-AG levels might boost running motivation and/or seeking, the
following observations are noteworthy. First, systemic administration
of a dual inhibitor of MAGL and of the AEA-degrading enzyme, fatty
acid amide hydrolase (FAAH), namely JZL195 (Long et al., 2009b),
decreased wheel-running performance (Dubreucq et al., 2013). When
locally perfused in the VTA, JZL195 lacked impact on wheel-running
performance (Dubreucq et al., 2013). Lastly, administration of URB597,
a selective FAAH inhibitor (Kathuria et al., 2003), using an effective
protocol in mice (1–3 mg/kg, 1 h beforehand; Busquets-Garcia et al.,
2011) also failed to alter wheel-running performance (unpublished
observations). Although these observations might suggest that inhibi-
tion of AEA degradation does not boost running motivation, a direct
examination of this suggestion will require JZL195- and/or URB597-
treated mice exposed to PR reinforcement schedules.

Although this study is the first to dissect the relationship between
THC and running drive, its relevance to human exercise is hampered by
several limitations. Firstly, we exclusively used THC even though can-
nabis is composed of hundreds of ingredients, including cannabidiol
(CBD), which shares anxiolytic and analgesic properties with THC and
modulates the negative impacts of THC (Curran et al., 2016; Elsaid
et al., 2019). Indeed, while acute THC administration to humans de-
creases motivation – as assessed by an effort task – to earn money, this
amotivation effect is buffered when CBD is added to THC (Lawn et al.,
2016). Moreover, it is the combination of THC and CBD, as compared to
either compound alone, that is the most frequently linked to well-being
effects in sport (Zeiger et al., 2019). Although these studies illustrate
the need to include CBD with THC in animal studies aimed at deci-
phering the effects of human cannabis, it is noteworthy that the THC
content of street cannabis has recently increased at the expense of CBD
content. Because THC mediates the rewarding value of cannabis
(Curran et al., 2016) and hence its addictogenic properties, it is thus
likely that THC is the main cannabinoid that mediates cannabis usage
by sportspeople. The second limit lies in the acute use of THC in animals
never exposed to the cannabinoid beforehand. This contrasts with the
human situation wherein sportspeople using cannabis before and/or
after exercise are chronic cannabis consumers. One consequence of such
a chronic usage is the observation that exercise increases THC circu-
lating levels (Wong et al., 2013) following THC long-term storage in,
and release from, fat tissues (Kreuz and Axelrod, 1973). Accordingly,
the kinetics of THC entry into the brain should differ from those trig-
gered by its acute administration in naive individuals, with possible
impacts on running. Another limit of the acute use of THC relates to the
intrinsic impact of prior chronic cannabis/THC ingestion on motivation
processes. As indicated above, chronic cannabis usage leads to amoti-
vation, in line with the negative effects of chronic use on mesocorti-
colimbic dopaminergic activity (Bloomfield et al., 2016). However, this
might not include motivation for exercise owing to the significant
number of cannabis users who are regular exercisers. The paucity of
animal data on that issue does not help to solve this question as, to our
knowledge, only three studies examined the consequences of repeated
THC administration on wheel-running. In fact, different doses of THC
proved ineffective on wheel-running performance in fed rats (Scherma
et al., 2017). Moreover, repeated THC treatment to food-restricted
animals increased food intake whilst decreasing (Verty et al., 2011) or
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not effecting (Lewis and Brett, 2010) wheel-running performance.
Taken together, these data suggest that repeated THC administration
does not boost running performance.

One last limit of the present study is linked to our noncontingent
THC administration protocol. Indeed, self-administration of drugs as-
sociated with specific cues and contexts is more relevant to human drug
usage. For example, cued-cocaine self-administration has longer-lasting
synaptic impacts on VTA dopaminergic neurones, compared with
noncontingent cocaine administration (Chen et al., 2008). This is also
true for wheel-running as the amplitude of the acute running-elicited
potentiation of excitatory inputs to VTA dopaminergic neurones is
higher when running is cued, compared to free running (Medrano et al.,
2020). However, although THC self-administration is observed in
monkeys (Justinova et al., 2005), this procedure has proven to be dif-
ficult to introduce in laboratory rodents (but see: Melis et al., 2017;
Smoker et al., 2019; Spencer et al., 2018; Zangen et al., 2006). This
difficulty is mainly due to the poor reinforcing properties of THC in
these species (Panagis et al., 2014) and the main use of the intravenous,
as opposed to the inhalation, route of administration (Melis et al.,
2017). Recently, a study reported the successful development of a cued-
THC (or CBD) self-administration procedure wherein rats are willing to
exert effort to inhale either of these cannabis ingredients under FR and
PR reinforcement schedules (Freels et al., 2020). The use of this para-
digm should thus prove useful to dissect the relationships between the
respective drives for cannabis and exercise.

5. Conclusion

This study is the first to examine the consequences of acute THC
administration on running preference and performance in a T-maze
task, and on running motivation in a cued-running instrumental task.
Although running preference and motivation are tonically controlled by
CB1 receptors, THC proved ineffective on these two variables. This in-
effectiveness contrasted with the stimulating impact of THC on pala-
table feeding motivation. Lastly, THC also proved unable to affect cue-
induced reinstatement of running seeking. Future works using chronic
THC treatment regimens with or without other cannabis ingredients
such as CBD should help define cannabis' effects in human sportspeople.
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A B S T R A C T

Glucocorticoids, such as prednisolone, are considered sport doping agents owing to their ergogenic properties.
These are accounted for by peripheral mechanisms associated with energetic and anti-inflammatory processes.
However, because glucocorticoids target brain tissues, it is likely that these ergogenic impacts are associated
with central effects. One of these might be reward motivation, which relies on glucocorticoid receptor-expressing
mesocorticolimbic dopaminergic neurons. In keeping with this possibility, this study has explored in mice
whether repeated prednisolone administration (5 or 15 μg/ml of drinking water for 10 days) affected intrinsic
motivation for running, a strong reinforcer in rodents. Running motivation was assessed by means of a cued-
reward motivated instrumental task wherein wheel-running was conditioned by prior nose poke responses under
fixed (FR), and then progressive (PR), ratio reinforcement schedules. Sub-chronic ingestion of prednisolone
decreased the running distance covered during each rewarded sequence under FR schedules. This finding did not
extend to wheel-running performances in mice provided free (i.e. unconditioned) wheel-running opportunities.
Running motivation, as estimated under a PR reinforcement schedule, was found to be decreased (lowest con-
centration) or to remain unaffected (highest concentration) by prednisolone concentration. Lastly, an inter-
individual analysis of the respective effects of prednisolone on muscular endurance (as assessed in the wire grid-
hanging test) and on running motivation indicated that the former was not predictive of the latter. This ob-
servation suggests that prednisolone ergogenic impacts might occur without any concomitant increase in in-
trinsic exercise motivation.

1. Introduction

The World Anti-Doping Agency (WADA) has established lists of
substances that are considered to be sport doping agents on the basis of
three criteria: performance enhancers, health risk factors and/or spirit
of sport threateners (World Antidoping Agency (WADA), 2019). Owing
to their ergogenic properties, glucocorticoids, such as prednisolone, are
forbidden when used in-, but not out-, competition (World Antidoping
Agency (WADA), 2019). These physical performance-enhancing prop-
erties are thought to be accounted for by their peripheral actions as
both endogenous (cortisone and cortisol produced from the human
adrenal cortex) and exogenous glucocorticoids primarily stimulate he-
patic and adipose metabolic pathways as to provide muscular energy
(Magomedova and Cummins, 2016). In addition, glucocorticoids are
endowed with anti-inflammatory properties which ease respiration and

prevent muscle and joint pains (Adcock and Mumby, 2016), all these
effects facilitating physical performance and after-exercise recovery
(Duclos, 2010).

Besides their peripheral origins, the doping impacts of glucocorti-
coids have been suggested to involve several of their central effects.
Whereas evidence for centrally-mediated changes in the secretion of
several hormones brings direct support to this hypothesis (Collomp
et al., 2016; Duclos, 2010), it remains to establish that other central
effects of glucocorticoid on e.g. mood, anxiety, hedonia (De Kloet et al.,
2005; Piazza and Le Moal, 1997) are relevant to doping protocols.
Corticosteroid receptors, whether of the mineralocorticoid receptor
(MR) or of the glucocorticoid receptor (GR) subtype, are present in
numerous brain regions, albeit in an uneven manner (De Kloet et al.,
2005; McEwen et al., 1986). When bound by natural or exogenous
corticoids, these receptors, located both in neurons and astrocytes, then
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act either at cell membranes, doing so with rapid consequences, or in
cell nuclei, doing so as transcription factors, and hence with longer
delays (Chaouloff and Groc, 2011; Joëls, 2018). GRs, which bear low
affinity for cortisol (human) or corticosterone (rodent), as compared to
MRs, are present within the mesocorticolimbic system (Ambroggi et al.,
2009; Härfstrand et al., 1986), a tractus exerting a key role in moti-
vation processes (Koob and Volkow, 2016; Nestler, 2005). Hence, glu-
cocorticoids have been reported to impact, albeit in different directions,
the motivation for natural rewards (e.g. food: Gourley et al., 2008) and
drugs of abuse (e.g. cocaine and amphetamine: Goeders, 2002; Piazza
and le Moal, 1997; but see Graf et al., 2013; Mantsch et al., 1998).
Motivation for exercise, whether intrinsic (i.e. for the pleasure of ex-
ercise) or extrinsic (i.e. for healthy reasons or for an award, whether a
medal or a record), is a prerequisite for exercise training. As such, the
above mentioned results raise the hypothesis that besides its ergogenic
consequences glucocorticoid administration, by targeting the meso-
corticolimbic system, actually stimulates exercise motivation. To our
knowledge, this hypothesis has never been tested so far. The use of
wheel-running in rodents, a model of volitional exercise, has indicated
that high concentrations of corticosterone (as to stimulate GRs) or ad-
ministration of glucocorticoids either decrease (Menezes et al., 1985) or
prove ineffective (Cobos et al., 2012; Duclos et al., 2009; Yau et al.,
2011) on running performance. However, the use of running perfor-
mance as an index of running motivation is misleading. Thus, overall
consumption of a reward when the latter is provided freely (i.e. without
any effort prerequisite for its access), as is the case for the "free" wheel-
running paradigm, is accounted for by both motivation for that reward
and its consumption, i.e. two reward-related dimensions with different
neurobiological grounds (Salamone and Correa, 2012). An appropriate
estimation of running motivation requires the measurement of the
maximal quantity of efforts the animals are able to achieve ("wanting"
dimension) to then exert their running activity ("consumption" of the
wheel linked to the "liking" dimension) (Berridge, 2007; Salamone and
Correa, 2012). The sole paradigm allowing such a measurement relies
on operant conditioning procedures whereby animals first need to
lever-press or to nose-poke under fixed ratio (FR) schedules of re-
inforcement before their motivation is tested under a progressive ratio
(PR) reinforcement schedule (Hodos, 1961). Although several studies
have used such a cued-reward motivated instrumental task to assess
running motivation in rats (Collier and Hirsch, 1971; Iversen, 1993) or
mice (Belke and Garland, 2007; Hurel et al., 2019; Muguruza et al.,
2019), none of them has examined the respective impacts of gluco-
corticoids on the motivation and consumption dimensions of wheel-
running rewarding properties.

In keeping with the data reported above, the present mouse study
first investigated whether subchronic ingestion of two concentrations of
the glucocorticoid prednisolone increased conditioned exercise moti-
vation and consumption (i.e. performance) whilst proving ergogenic.
For running motivation analyses, we used our recently developped
model wherein mice have to nose-poke under FR, and then PR, sche-
dules of reinforcement to unbrake a running wheel (Hurel et al., 2019;
Muguruza et al., 2019). The ergogenic impact of prednisolone was as-
sessed by the wire grid-hanging test, a paradigm that provides an index
of muscular resistance (Morrison-Nozik et al., 2015). The aforemen-
tioned inability of free running paradigms to discriminate between
running motivation and consumption led us to perform a second series
of experiments wherein mice provided a permament free (i.e. un-
conditioned) access to running wheels were analyzed for the impact of
ergogenic concentrations of prednisolone on running performance.

2. Materials and methods

2.1. Animals

All protocols, which complied with the French (Décret 2013-118)
and European (2010/63/EU) rules on animal experimentation, were

approved by the local Ethic Committee (Comité d'Ethique 50) with
agreement numbers DIR13111, 13649, 33-063-69 (F.C.) and A33-063-
098 (animal facilities) provided under authority of the Préfecture de
Gironde and the Ministry of Agriculture.

This study used male C57BL/6 N mice (Elevage Janvier, Le Genest
Saint Isle, France), aged 8-week-old upon arrival in our animal facil-
ities. For operant conditioning studies, mice were individually housed
in standard mouse cages (with nesting material) whilst for free running
performance studies a second batch of animals was housed in cages
with a running wheel (25-cm diameter, Intellibio, Seichamps, France).
All mice were placed in a thermoregulated room (21–22 °C) under a
partly inverted 12-h light/12-h dark cycle (lights off at 10.00 AM).
Mice, which were tested between 11.00 AM and 5.00 PM during the
active phase of the diurnal cycle, were provided with ad libitum food
and water, including when prednisolone was added to water (see
below).

2.2. Operant conditioning protocols

As previously reported (Muguruza et al., 2019), motivation for
wheel-running was studied in 12 individual operant chambers (28-cm
long x 26-cm wide x 38-cm high; Imetronic, Pessac, France) located in a
room adjacent to the animal housing room. Their rear wall had a
central hollow for mounting the 20-cm diameter wheel, the release
trigger of which was connected to a circuit enabling the wheel to be
locked or unlocked (by means of a brake-pad) in accordance with
predefined experimental conditions. A cue-light placed above the wheel
indicated wheel unlocking. The wheel was flanked by two small ports
(2.5 cm above the chamber grilled floor with cue lights located above)
set into the rear wall to allow the animal to ‘poke’ its nose through.
Nose poke performance could be either “active” (leading to cue-light
illumination and wheel unlocking) or “inactive” (having no con-
sequence).

Mice first underwent one daily habituation session in the operant
chambers for two consecutive days. To this aim, mice were placed in
the operant chambers with the cue light above the unlocked running
wheel remaining illuminated while the two nose poke ports were cov-
ered-up by metal pieces. These two 60-min sessions were aimed at
habituating the mice to both the operant chamber, the wheel and the
cue indicating wheel-unlocking. When learning sessions began, the
wheel locking/unlocking mechanism and the nose poke ports were fully
operational. The wheel was unlocked for 60 s (wheel brake release)
following nose pokes the mouse executed in its allocated active nose
poke port. In the FR1 condition, a single active nose poke was sufficient
to simultaneously illuminate the cue-light above the port for 10 s, un-
lock the running wheel for 60 s and illuminate a light above the wheel.
Nose pokes in the other port were counted but were without functional
consequence. When the 60-s period had elapsed, the wheel-light ex-
tinguished and the brake applied, so that the mouse had to step down
from the wheel and execute a further nose poke in order to unlock it
again. Nose pokes made in the active port while the wheel was already
unlocked counted as uncorrect responses but were without con-
sequence. Habituation and FR1 sessions were ran once daily and lasted
for 60min. After completing 5 FR1 sessions, mice moved on to the FR3
condition in which a 60-s wheel-running period was contingent on 3
consecutive nose pokes in the active port. Daily treatments with
hemisuccinate-coupled prednisolone (through its dilution in drinking
water) began after this first FR3 session. Thereafter, mice completed 6
additional FR3 sessions before being tested under a linear PR schedule
of reinforcement where (i) the number of active nose pokes required to
free the running wheel was incremented by 3 between each rewarded
step (3, 6, 9…etc), with (ii) a time limit of 15min between two suc-
cessive steps. Reaching the next step before that limit reset the novel
time limit to 15min. The maximal number of nose poke responses
achieved during that session and the last rewarding step that was
reached (breakpoint level) were used as motivation indices (Hodos,

B. Redon, et al. Psychoneuroendocrinology 111 (2020) 104489

2



1961). The ability of mice to distinguish the active nose poke port from
the inactive nose poke port was quantified by means of a discrimination
index calculated as the ratio of the number of active nose pokes over the
total (active+ inactive) number of nose pokes. To evaluate wheel-
running consumption during FR and PR sessions, the total running
distance within each session was divided by the number of rewarded
events during that session. All mice still received their respective
treatments during one week-end (i.e. between the 4th and 5th sessions

under the FR3 schedule of reinforcement) although they were not tested
during that 2-day period. Accordingly, the daily session numbers pro-
vided in the graphs do not necessarily correspond to successive days.

2.3. Free wheel-running protocols

Mice permanently housed with running wheels were given a 9-day
period of habituation before hemisuccinate-coupled prednisolone was

Fig. 1. Prednisolone ergogenic impacts do not
translate into increased running motivation.
(A) Operant chamber set up with nose poke
(NP) ports for the study of wheel-running mo-
tivation in mice. (B) Mean daily prednisolone
intakes in mice treated with prednisolone (5
and 15 μg/ml of drinking water). (C)
Respective effects of vehicle (water) and pre-
dnisolone treatments on body weights. (D)
Prednisolone does not alter the daily numbers
of nose poke responses for wheel-running
under FR3 schedules of reinforcement. (E)
Prednisolone does not affect mouse ability to
discriminate between the active and inactive
nose poke ports. (F) Running distances per re-
warded sequences are decreased by either
prednisolone concentration under FR3 sche-
dules of reinforcement. (G) The lowest, but not
the highest, prednisolone concentration de-
creases both the maximal numbers of nose
poke responses for wheel-running and the
running distance per rewarded sequence under
a PR schedule of reinforcement. (H) Lack of
relationship between running motivation (X-
axis) and muscular strength, as assessed by the
hanging duration in the wire-grid hanging test
(Y-axis), in mice ingesting water alone or water
and prednisolone. (I) Lack of relationship be-
tween body weight changes (X-axis) and grid
hanging duration (Y-axis) in mice ingesting
water alone or water and prednisolone.The
values are the means ± SEM of n=7 mice,
n=10 mice (Pred. 5), and n=9 mice (Pred.
15). ++ p < 0.01 for the main impact of the
treatment (two-way analyses of variance); *
p < 0.05 and ** p < 0.01 for the difference
with water alone.
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added or not (water group) to their drinking water for 9 additional
days. Daily running distances were recorded throughout the 18 days of
experiment by means of the ActiviWheel software (Intellibio,
Seichamps, France), as previously reported (Dubreucq et al., 2013).

2.4. Wire grid-hanging tests

To analyze whether prednisolone treatments were ergogenic, mice
were exposed to a 30-min four limb-hanging test (Morrison-Nozik et al.,
2015). Briefly, the morning of their 10th treatment day - 24 h after PR
sessions (operant experiments) and 24 h after 18 days of housing with
running wheels (free wheel-running experiments) - mice were placed on
cage grids 90-cm above big cages filled with polystyrene chips as to
prevent any damage when falling. The test began with the grids being
slowly inverted, the latency to fall being individually recorded. A
mouse that did not fall throughout the entire session was given a la-
tency of 1800s.

2.5. Treatment

To avoid an invasive treatment procedure (i.e. injections) whilst
favoring the ingestion of the glucocorticoid during the active period of
the light/dark cycle, i.e. the period during which drinking and running
drives are the most prominent, mice were provided prednisolone
through their drinking water. In both series of experiments (condi-
tioned wheel-running, free wheel-running), prednisolone was provided
for 10 days, the last day corresponding to the wire grid-hanging tests.
Note that water and prednisolone (dissolved in water) were available
throughout, except during the 1-h operant sessions. The hemisuccinate-
bound prednisolone complex (to ease dilution without additives such as
ethanol) was added to drinking water at concentrations of 5 μg/ml and
15 μg/ml (effective concentrations of the prednisolone molecule).
Prednisolone solutions were prepared fresh every 3–4 days, all drinking
solutions being provided through small bottles equipped with beads, as
to avoid leaks, and covered with alumina paper to provide light pro-
tection. Bottles were weighed before and after each change to calculate
the individual amount of prednisolone ingested. As mentioned above,
mice that underwent operant conditioning protocols were provided the
treatments after the first FR3 session, and not during FR1 sessions. This
was meant at avoiding potential influences of these treatments on the
FR1-to-FR3 change in the cued-running motivated instrumental task
mice had to learn. In each series of experiments, prednisolone and ve-
hicle groups were defined on the basis of identical scores reached
during the first FR3 session as to avoid pretreatment differences.
Because these groups did not differ prior to their respective treatments,
figure graphs report merged pretreatment values (i.e. up to the first FR3
session) within one unique group for the sake of clarity.

2.6. Statistics

All data are shown as means ± standard errors of the mean (SEM).
Two-group treatment comparisons were achieved by means of two-
tailed Student t-tests. Multiple data comparisons were performed either
with multiple analyses of variance (with/without repeated factor) or
with Kruskal-Wallis analyses (followed, if significant, by Mann-Whitney
U-tests) for nonparametric data. Post hoc comparisons (using Tukey
test) following multiple analyses of variance were only performed if
interactions between main variables were significant. All these analyses
were achieved using the GB-Stat 10.0 software (Dynamic Microsystems,
USA).

3. Results

3.1. The ergogenic effects of prednisolone occur without increased running
motivation

In a first series of experiments, operant conditioning procedures
(Fig. 1A) were used to study the impact of the repeated ingestion of
5 μg/ml (n= 10) and 15 μg/ml (n=9) prednisolone, as compared to
water ingestion (n=7), on running motivation. Post hoc analysis of
daily prednisolone intakes through drinking water (Fig. 1B) and their
inhibitory consequences on body weights ([F(223)= 27.95;
p < 0.001]; Fig. 1C) indicated effectiveness of the administration
protocol. These body weight decreases were yet observed 3 days after
treatment initiation, the amplitude of these declines progressively in-
creasing throughout the experiment (data not shown). The analysis of
active nose poke responses under FR3 schedules of reinforcement in
prednisolone-treated mice did not reveal a significant impact of the
glucocorticoid although a trend for a reduction could be noted in mice
treated with the lowest concentration (i.e. 5 μg/ml; Fig. 1D). To ensure
that prednisolone did not affect the ability of mice to distinguish the
active nose poke port from the inactive one, a discrimination index was
calculated which revealed that all mice, including prednisolone-treated
ones, fully discriminated the active nose poke port from the inactive
one (Fig. 1E). As opposed to its inability to affect the reinforcing value
of wheel-running during FR3 sessions, prednisolone decreased in a
concentration-independent manner the mean running distance (i.e.
wheel consumption) during each rewarded sequence [F(223)= 7.04;
p=0.0041] (Fig. 1F). When next tested for their running motivation,
as assessed under a PR schedule of reinforcement, mouse groups dif-
fered in their maximal numbers of active nose poke responses
[H=6.30; p= 0.0429] (Fig. 1G). This was also true when the last steps
reached (i.e. breakpoints; data not shown) were considered
(24.42 ± 2.01 for vehicle-treated mice, and 13.5 ± 3.17 and
20.33 ± 3.42 for mice treated with the lowest and the highest pre-
dnisolone concentration, respectively; [H=6.43; p=0.0401]). Post
hoc comparisons indicated that mice tested with the lowest, but not the
highest, prednisolone concentration displayed a decrease in the number
of nose poke responses (Fig. 1G) and, hence, in their breakpoint level
(p < 0.05). During the PR session, mouse groups were also found to
differ with respect to their running performance during each rewarded
sequence [H=9.11; p=0.0105], mice ingesting 5 μg/ml prednisolone
displaying a significant decrease in wheel consumption (Fig. 1G). When
exposed to the wire grid-hanging test, falling latencies of prednisolone-
treated mice (1050 ± 206 s and 927 ± 229 s in mice provided the
lowest and the highest doses, respectively) did not significantly differ
from those measured in control mice (419 ± 130 s) due to hetero-
geneity of the data. In keeping with this heterogeneity, we next ana-
lyzed at the individual level whether there was a relationship between
the respective impacts of the treatments on motivation on the one hand,
and muscular performance on the other hand (Fig. 1H). This analysis
clearly demonstrated the absence of a link between the two variables;
indeed, in prednisolone-treated mice, mice that never fell from the wire
grid during the 30-min test (which thus displayed the maximal ergo-
genic scores) were among those with the lowest scores in the PR session
(Fig. 1H). Because prednisolone-treated mice were lighter than their
control counterparts (see above), we could not exclude that in these
mice the latency to fall was significantly accounted for by such a body
weight reduction. Accordingly, we analyzed at the individual level
whether there was a relationship between body weight changes (ex-
pressed as percentages of pretreatment levels to avoid biases due to
pretreatment weight differences) and muscular performance (Fig. 1I).
As shown in Fig. 1I, this analysis proved negative, hence indicating that
prednisolone impacts on body weights do not bear consequences in the
wire grid-hanging test.
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3.2. Prednisolone ingestion does not affect free wheel-running performance

The aforementioned series of experiments revealed that the running
distance per rewarded sequence during FR and PR schedules of re-
inforcement (i.e. an index of reward consumption) was sensitive to the
lowest and/or the highest prednisolone concentrations. However, this
observation might have been accounted for by the operant protocol
wherein performance of an instrumental task was a prequisite for 1-min
running sequences. To solve this issue, we examined if prednisolone
treatment affected free wheel-running activity, as opposed to the
former cost-effective running model. To this end, mice housed with
running wheels (Fig. 2A) were provided prednisolone (n= 8/dose), or
not (vehicle-group; n= 8), in their drinking water, the onset of pre-
dnisolone administration occuring after an 8-day habituation period (a
time at which wheel-running performance levels had stabilized; data
not shown). Prednisolone-treated mice ingested the glucocorticoid in a
concentration-dependent manner (Fig. 2B). However, they did so with a
much higher amplitude (+ 47–50 % increases) than in mice that un-
derwent operant conditioning experiments (Fig. 1B), a difference that
was accounted for by daily 8–9 km running distances, and hence in-
creased water intake. These high prednisolone intakes thus triggered a
massive concentration-dependent decrease in body weights [F
(221)= 42.77; p < 0.001] (Fig. 2C), which, however, did not impact
their “free” wheel-running performances (Fig. 2D). As opposed to the
analysis conducted in mice that had undergone operant conditioning,
control mice (276 ± 55 s) and prednisolone-treated mice
(1035 ± 245 s and 920 ± 284 s in mice provided the lowest and the
highest doses, respectively) were found to differ in their latencies to fall
in the wire grid-hanging test [F(221)= 3.49; p= 0.049]. However,
post hoc differences did not reach significance due to data hetero-
geneity. As observed above (Fig.1I), there was no direct relationship
between body weights and latencies to fall, including in mice that never
fell from the grid (and which all belonged to the prednisolone-treated
groups; Fig. 2E).

4. Discussion

Whether (Duclos, 2010) or not (Orchard, 2008) glucocorticoids
should be considered doping agents has been a matter of discussion.
Thus, besides their obvious potential negative impacts on health, evi-
dence for the ergogenic impact of glucocorticoids has been reported in
several, but not all, studies (Collomp et al., 2016). Although one main
argument for the ergogenic effect of glucocorticoids stems from their
metabolic and anti-inflammatory properties at peripheral tissues, their
potential central effects – on e.g. stress perception, mood, and reward
motivation - are often considered as additional arguments for their ban
(Duclos, 2010). However, this argumentation often lacks the distinction
between the permissive (i.e. tonic) impacts of glucocorticoids and their
phasic effects, the latter effects being relevant to doping. Means to
demonstrate the tonic effects include (i) the ability of glucocorticoid
administration to restore a function partly/totally lost after gluco-
corticoid removal (by prior adrenalectomy) or following glucocorticoid
synthesis inhibition, or (ii) the measure of the consequences of either
GR pharmacological blockade or constitutive/conditional deletions of
the GR-encoding gene. With regard to reward motivation processes, the
aforementioned protocols have indicated that glucocorticoids exert a
tonic control on the motivation to self-administer drugs of abuse such as
cocaine or amphetamine (Goeders, 2002; Piazza and le Moal, 1997).
The recent use of animals genetically deleted for the GR further in-
dicates that this tonic control takes place at mesolimbic or mesocortical
synapses (Ambroggi et al., 2009; Parnaudeau et al., 2014). Conversely,
motivation for a natural reward, namely food, is independent from
mesocorticolimbic GR (Parnaudeau et al., 2014), thus opening the
question of the role of GR in the motivation for another natural reward
such as running. The sole information available so far is that gluco-
corticoids might control in a tonic manner wheel-running performance
(Duclos et al., 2009; Ebada et al., 2016) but by no means is this in-
dicative of a similar control on running motivation (Belke and Garland,
2007; Hurel et al., 2019). As for any reward provided in an uncondi-
tioned manner, the measure of running performance under “free” wheel
access does not allow to separate the incentive properties of the wheel
from its mere consumption.

Fig. 2. Prednisolone ergogenic properties do
not translate into increased wheel-running
performance under no-cost conditions. (A)
Wheel-running configuration in home cages.
(B) Mean daily prednisolone intakes in mice
treated with prednisolone (5 and 15 μg/ml of
drinking water). (C) Respective effects of ve-
hicle (water) and prednisolone treatments on
body weights. (D) Prednisolone does not affect
the daily running distance covered by mice
permanently housed with free running wheels.
(E) Lack of relationship between body weight
changes (X-axis) and muscular strength, as as-
sessed by the hanging duration in the wire-grid
hanging test (Y-axis), in mice ingesting water
alone or water and prednisolone.The values
are the means ± SEM of n=8 mice per
treatment. At least ** p < 0.01 for the differ-
ence with water alone.
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As opposed to its tonic impacts, the phasic impacts of glucocorticoid
administration on reward processes have been reported to be either
inhibitory or stimulatory (Goeders, 2002; Gourley et al., 2008; Piazza
and le Moal, 1997), this divergence being likely accounted for by the
reward under scrutiny (natural reward vs drug of abuse) and/or treat-
ment protocols (injection vs ingestion). In keeping with the finding that
rodents may self-administer corticosterone (Deroche et al., 1993),
hence supporting an impact of corticosterone on motivation for re-
wards, it is noticeable that most studies used corticosterone (the rodent
equivalent of human cortisol) instead of a selective glucocorticoid. In
order to (i) mimic the volitional ingestion of glucocorticoids for doping
purposes, (ii) favor that ingestion during the active part of the light/
dark cycle, as in humans, and (iii) avoid the stress associated with
systemic injections, the present study provided mice with prednisolone
dissolved in their drinking water. Indeed, such a mode of corticoid
administration has proved to be effective in past studies (Gourley et al.,
2008; Karatsoreos et al., 2010). Prednisolone was chosen because it is
the glucocorticoid for which ergogenic properties have been the most
studied in humans (Collomp et al., 2016). The prednisolone con-
centrations that were used for 10 consecutive days in the present study
led to a daily 0.93–2.71mg/kg intake in the first series of experiments
and a daily 1.39–3.98mg/kg intake in the second series of experiments.
Because the concentrations thought to be effective on human endurance
are in the 20–60mg range (Collomp et al., 2016), the relevance of the
present mouse treatment regimen might be questioned. A calculation
based on the body surface normalization method to provide human
equivalent doses of animal treatments (Reagan-Shaw et al., 2007) in-
dicates that our treatment protocol gives rise to circulating pre-
dnisolone molecules that are either below or within the range of their
human equivalents (e.g. 6–17mg for operant studies and 9–25mg for
“free” wheel running studies, assuming an 80-kg body weight). With
regard to treatment duration, ours, i.e. 10 days, was slightly longer than
that usually observed in humans (5–7 days; Collomp et al., 2016), a
difference due to operant conditioning protocol requirements.

Prednisolone treatments were effective, as indicated by their in-
hibitory impacts on body weights which are in keeping with the early
catabolic impacts of glucocorticoids that either disappear thereafter
(low concentrations) or precede progressive increases in body weights
(high concentrations) (Karatsoreos et al., 2010). Of note is the ob-
servation that the prednisolone doses used herein were in the same
range as those previously reported to be ergogenic using either the
wire-hanging test (3mg/kg by gavage every other day during 7 days;
Morrison-Nozik et al., 2015). Moreover, we used doses which are well
below those reported to promote anxiety in mice (50–100mg/kg;
Kajiyama et al., 2010), a behavioral change which could have biased
the wire-grid hanging scores. In our hands, the ergogenic effect of
prednisolone, as assessed using this test, did not reach statistical sig-
nificance due to high inter-individual variability; however, as discussed
below, such a variability allowed us to examine at the individual level
whether prednisolone ergogenic effects, when present, were linked to
changes in running motivation. In keeping with the catabolic effects of
prednisolone, which suggest muscle atrophy, the use of the wire grid-
hanging test to measure the ergogenic impacts of prednisolone might be
prone to criticism. Indeed, it has been shown that the pathways that
mediate prednisolone-induced muscle atrophy and prednisolone ergo-
genic effects are independent (Morrison-Nozik et al., 2015). Indeed, the
latter, but not the former, depends on the metabolic transcription factor
KLF15 (Morrison-Nozik et al., 2015). Confirmingly, the positive effects
of prednisolone in the wire grid-hanging test are also observed when
using the grip-strength test in which forelimb muscular strength is
dynamically measured (Morrison-Nozik et al., 2015).

Repeated ingestion of the lowest, but not the highest, prednisolone
concentration decreased running motivation. The mechanism(s) re-
sponsible for such a differential influence of prednisolone on running
motivation are unknown. One such mechanism could be linked to the
stimulation of GR populations that differ with the respective

prednisolone concentrations. A second explanation lies on the findings
that prednisolone might efficiently bind and/or stimulate MRs
(Grossmann et al., 2004; Lan et al., 1982; Trune et al., 2006). If so, we
cannot discard the possibility that the highest prednisolone con-
centration recruited MRs receptors in addition to GRs, these actions
bearing self-opposed influences on running motivation. In contrast with
the concentration-dependent inhibitory effect of prednisolone on run-
ning motivation, prednisolone impacts on mean falling latencies in the
wire-hanging test proved concentration-independent. This observation
provided a first argument against a link between the ergogenic impact
of prednisolone and running motivation. Further evidence for the ab-
sence of such a link was gathered by our analysis of running motivation
and muscular strength at the individual level. Thus, such an analysis
clearly indicated that both variables were independent. Because pre-
dnisolone triggered a significant loss in body weight, the possibility that
the latter had an influence in the wire grid-hanging test had to be
considered although, as indicated above, these are independent pro-
cesses (Morrison-Nozik et al., 2015). Confirmingly, the analyses of
inter-individual relationships between grid fall latencies and body
weight losses (expressed as percentages from pretreatment weights) in
mice conditioned to run proved negative. This lack of relationship ex-
tended to mice allowed to run freely in their home cages, further con-
firming the independence between both variables. Although muscle
wasting did not bear any influence, it should be acknowledged that
such a consequence of prednisolone administration is a major limit of
our study, especially when translating its observations to humans. Fu-
ture studies with concentrations of prednisolone without body weight-
reducing impacts, i.e. as observed in humans, could then help to further
test our initial hypothesis.

Prednisolone treatment progressively decreased in a concentration-
independent manner the running distance per rewarded sequence under
the FR3 reinforcement schedule, a change that was also evidenced with
the lowest prednisolone concentration when tested in the PR session.
These results suggest that depending on the concentration and re-
inforcement schedule tested prednisolone affected negatively reward
consumption. Whether this was reminiscent of a general effect of pre-
dnisolone on running performance was however unknown because, as
stated above, wheel-running performances under cost conditions do not
reflect free wheel-running performances (Belke and Garland, 2007;
Hurel et al., 2019). We thus examined this issue in mice housed with
free running wheels, i.e. the animal model of exercise that is the most
widely used. A direct comparison with running performance in the
operant chambers would have required to daily restrict to 60min the
availability of the wheels. However, we chose to provide unlimited free
access to the wheels for the following reasons: (i) limiting the avail-
ability to the wheel although the latter (i.e. the reward) is present
during the whole light/dark cycle in the home cage environment (as
opposed to mice tested in the operant chambers) might have biased the
results, (ii) the great majority of studies modelling physical activity by
means of rodent running wheels rely on unlimited wheel access; ac-
cordingly, we used a similar protocol for the sake of appropriate com-
parison, and (iii) providing mice with unlimited wheel access allowed
us to measure putative long-term prednisolone impacts on performance
that could occur over 60min. Using such an unconditioned wheel-
running paradigm, we observed that prednisolone did not affect run-
ning performance although the net prednisolone amounts ingested by
the mice were increased (compared to the operant series of experi-
ments) due to increased water intake. This negative finding is in
keeping with the lack of effect of either acute prednisolone (5mg/kg)
on wheel-running in mice (Cobos et al., 2012) or repeated treatment
with high concentrations of corticosterone on rat wheel-running per-
formance (Duclos et al., 2009; Yau et al., 2011). The striking contrast
between the inhibitory influence of prednisolone on performance under
costly conditions (operant protocols) and its inability to affect such a
performance under free conditions confirms the aforementioned in-
dication that conditioned wheel-running performance does not reflect
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free wheel-running performance (Belke and Garland, 2007; Hurel et al.,
2019). Besides obvious protocol differences, one additional reason un-
derlying such a contrast is accounted for by the inability to disentangle
the incentive value of the wheel from its mere consumption when
running is unconditioned. Hence, the use of the free wheel does not
permit any distinction between the "wanting/seeking" dimension of
running - accounted for by a cannabinoid-mesocorticolimbic dopamine
relay - from its "consuming/liking" dimension which is independent
from such a relay (Muguruza et al., 2019). With respect to the ergogenic
effects of prednisolone in freely running mice, inter-individual analyses
revealed that prednisolone-treated mice bearing the highest fall la-
tencies in the wire-hanging test did not differ from controls with respect
to free wheel-running performance. The most obvious explanation for
such a dichotomy is that the free running wheel model is not the best
suited for deciphering the ergogenic properties of doping substances.
Alternatively, the need to include endurance and exhaustion tests ar-
gues for the use of another exercise model, namely the treadmill model,
for such purposes. Supporting this need for endurance protocols is the
observation that prednisolone is effective in humans in endurance-
based exercise tasks only (Collomp et al., 2016; Duclos, 2010). Con-
firmingly, repeated administration of prednisolone has been reported to
increase time to exhaustion in mice exposed to treadmill endurance
tests (Morrison-Nozik et al., 2015). However, the need to force the
animals to run in the first training days (and during exhaustion tests),
doing so by the use of footshocks, a major stress, is an important
drawback that cannot be ignored (especially when testing corticoster-
oids). This drawback is further reinforced by the experimenter inability
to differentiate the positive reinforcement properties of running from its
negative reinforcement properties to escape footshocks. Taking into
account that running is an important reward for rodents (as illustrated
in this study), one possible means to circumvent this bias could consist
in the use of running wheels to which braking forces would be pro-
gressively added as to quantify the ergogenic impacts of doping agents.
However, such a paradigm should include a cued-reward task as a
prerequisite for running in order to specifically measure the links be-
tween running motivation and muscular strength under these particular
conditions.
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Beyond the Activity-Based Anorexia 
Model: Reinforcing Values of 
Exercise and Feeding Examined 
in Stressed Adolescent Male and 
Female Mice
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Giovanni Marsicano 1,2 and Francis Chaouloff 1,2*

1 Endocannabinoids and NeuroAdaptation, NeuroCentre INSERM U1215, Bordeaux, France, 2 University of Bordeaux, 
Bordeaux, France

Anorexia nervosa (AN), mostly observed in female adolescents, is the most fatal mental 
illness. Its core is a motivational imbalance between exercise and feeding in favor of the 
former. The most privileged animal model of AN is the “activity-based anorexia” (ABA) 
model wherein partly starved rodents housed with running wheels exercise at the expense 
of feeding. However, the ABA model bears face and construct validity limits, including its 
inability to specifically assess running motivation and feeding motivation. As infant/adolescent 
trauma is a precipitating factor in AN, this study first analyzed post-weaning isolation rearing 
(PWIR) impacts on body weights and wheel-running performances in female mice exposed 
to an ABA protocol. Next, we studied through operant conditioning protocols i) whether food 
restriction affects in a sex-dependent manner running motivation before ii) investigating how 
PWIR and sex affect running and feeding drives under ad libitum fed conditions and food 
restriction. Besides amplifying ABA-elicited body weight reductions, PWIR stimulated wheel-
running activities in anticipation of feeding in female mice, suggesting increased running 
motivation. To confirm this hypothesis, we used a cued-reward motivated instrumental task 
wherein wheel-running was conditioned by prior nose poke responses. It was first observed 
that food restriction increased running motivation in male, but not female, mice. When fed 
grouped and PWIR mice were tested for their running and palatable feeding drives, all mice, 
excepted PWIR males, displayed increased nose poke responses for running over feeding. 
This was true when rewards were proposed alone or within a concurrent test. The increased 
preference for running over feeding in fed females did not extend to running performances 
(time, distance) during each rewarded sequence, confirming that motivation for, and 
performance during, running are independent entities. With food restriction, mice displayed a 
sex-independent increase in their preference for feeding over running in both group-housed 
and PWIR conditions. This study shows that the ABA model does not specifically capture 
running and feeding drives, i.e. components known to be affected in AN.

Keywords: restrictive anorexia nervosa, post-weaning isolation rearing, wheel-running, palatable food, food 
anticipatory activity, operant conditioning, motivation, reward choice
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INTRODUCTION

Anorexia nervosa (AN), which mainly affects older adolescent 
and young adult females (with a sex ratio of 8 for 1 male), is a 
psychiatric disorder where self-starvation and hence dramatic 
underweight is a core symptom (Kaye et al., 2009; Zipfel et al., 
2015). As opposed to a general belief, it is unlikely that socio/
cultural influences play a major, if not unique, role as AN was 
already reported centuries ago (Casper, 2006). Its lifetime 
prevalence in high-income countries is ~1–4% (Smink et  al., 
2012; Zipfel et al., 2015; Keski-Rahkonen and Mustelin, 
2016), with a constant increase in that percentage over recent 
years (Smink et al., 2012). However, AN, whether restrictive 
or associated with purgative behavior, is not solely accounted 
for by a decreased drive for feeding. In many cases, especially 
in restrictive anorexia, this decrease is associated, and often 
preceded by, motor restlessness and/or an increased drive for 
another reward, i.e. exercise, mostly running (Brewerton et al., 
1995; Davis, 1997; Klein et al., 2004; Meyer et al., 2011; Casper, 
2018). Reinforcing the hypothesis that increased exercise is 
at the core of AN are the reports that i) exercise dependence 
might be one cause of altered eating behavior (Cook and 
Hausenblas, 2008), ii) remitted AN patients still display craving 
for exercise (Shroff et al., 2006), and that iii) the latter amplifies 
the anhedonic profile of these patients (Davis and Woodside, 
2002). It is this imbalance between energetic supply and energy 
consumption rates that provides AN with severe and often lethal 
consequences. Although AN etiology is ill-defined (Clarke et al., 
2012), family and twin studies have indicated that AN patients are 
at risk to transmit the disease to their progeny (Bulik et al., 2007; 
Zipfel et al., 2015). However, the identification of AN genetic 
defects is rendered complex as this disease is not accounted for 
by one single gene (Bulik et al., 2007). Besides familial causes, 
environmental risk factors have also been delineated. Among 
these, perinatal (e.g., prematurity, imbalanced maternal control) 
and/or childhood trauma have been underlined (Leung et al., 
2000; Romans et al., 2001; Canetti et al., 2008; Pike et al., 2008; 
Zipfel et al., 2015). This might explain why patients suffering 
AN display comorbidity with mood disorders, including major 
depression, anxiety, and obsessive-compulsive disorders (Kaye 
et al., 2009; Zipfel et al., 2015). With respect to childhood trauma, 
physical abuse, sexual abuse and parental neglect are the more 
documented forms of social stress that might, in combination 
with genetic or other environmental factors, precipitate AN 
(Yackobovitch-Gavan et al., 2009; Jaite et al., 2012; Racine 
and Wildes, 2015). The negative impact of childhood trauma 
is further illustrated by the report that post-traumatic stress 
disorder and AN might actually co-occur (Reyes-Rodríguez 
et al., 2011). The observation that early traumatic events provide 
a long-term psychoneuroendocrine vulnerability to future 
stressors in laboratory rodents (Lupien et al., 2009; McCormick 
et al., 2016) provides support for an etiological role of early 
trauma in AN.

To date, the model considered to be the most pertinent for 
AN—although it is unlikely that a single model recapitulates 
such a complex pathology—is the so-called “activity-based 
anorexia (ABA)” paradigm (Boakes, 2007; Scheurink et al., 2010; 

Kim, 2012; Mequinion et al., 2015). Thus, rodents housed with 
a running wheel and placed under a severe restricted feeding 
regimen (i.e., a single time- or quantity-limited access to food 
per day) display a progressive increase in running activity at the 
expense of feeding. Such an increase is mainly accounted for by 
high wheel-running activity prior to food delivery (namely food 
anticipatory activity, FAA). After several days, body weight loss is 
so pronounced (up to 30%) that death might occur, especially in 
rats (Routtenberg and Kuznesof, 1967). Beyond methodological 
limits that might question the causal relationship between food 
scarcity and physical hyperactivity (Dwyer and Boakes, 1997; 
Rowland et al., 2018), the validity of the ABA paradigm as an 
animal model of AN might be discussed with regard to the 
construct, face, and predictive validity criteria thought to define 
any model of human (psycho)pathology (see Willner, 1984). This 
is especially true for the construct criterium in which factors 
thought to be of etiological significance in AN pathology should 
thus logically bear consequences in the ABA model. In keeping 
with the data reported above, genetics, sex (female vs. males), 
age (adolescence vs. adulthood), and early traumatic stimuli 
are expected to have significant impacts in the ABA model. As 
opposed to genetic studies, which provide thorough evidence 
that the consequences of the exposure to the ABA model depend 
on the rat/mouse line tested therein (Pjetri et al., 2012; Klenotich 
et al., 2012), studies aimed at investigating the respective impacts 
of sex and age in this model have provided contradictory results 
(Mequinion et  al., 2015; Rowland et al., 2018). As opposed to 
genetics, sex, and age, available data on the impact of early 
traumatic stimuli in the ABA paradigm are somewhat scarce. 
Prenatal stress (Boersma et al., 2016; Schroeder et al., 2018), 
early weaning (Glavin and Pare, 1985) or postnatal separation 
(Carrera et al., 2009; Hancock and Grant, 2009) have shown 
diverse effects, including when considering the animal sex. 
Although these studies addressed the consequences of prenatal 
and perinatal stress manipulations that might bear translational 
value with respect to AN, the question of the impact of stress 
during childhood and early adolescence should be considered. 
As mentioned above, physical and/or sexual insults during these 
periods have long-lasting psychological consequences, especially 
in females where such stressors increase the propensity to 
develop affective disorders (Bale and Epperson, 2015). Of major 
relevance to the present focus, childhood and early adolescence 
trauma can be modeled in rodents through the so-called post-
weaning isolation rearing (PWIR) stress paradigm. Actually, 
rodents housed individually immediately after weaning (21 days 
in rodents), and thus deprived of social contacts, display long-
lasting emotional disturbances (e.g., anxiety, cognitive rigidity, 
aggression, proneness to drug self-administration; Fone and 
Porkess, 2008; Walker et al., 2019) that might be translationally 
relevant to AN in humans.

Herein, we first studied the consequences of PWIR on 
wheel-running performances in an ABA paradigm wherein 
food-restricted female mice were provided a limited amount of 
food at the onset of the dark cycle. Because the core of AN is an 
imbalance between the respective motivation drives for exercise 
and feeding (Klein et al., 2004; Casper, 2006; Keating, 2010; 
Keating et al., 2012), we next asked whether the impact of PWIR 
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in the ABA found its origin at the motivation level. To do so, 
we shifted to an operant conditioning procedure wherein mice 
needed to nose-poke to unbrake a running wheel (Muguruza 
et al., 2019). This procedure allowed us to examine how 
i)  food restriction and ii) PWIR respectively affected running 
motivation. As AN involves decreased motivation for feeding, 
we finally asked the question of i) the impact of PWIR on 
motivation for palatable food before ii) examining the respective 
drives for wheel-running and palatable feeding under ad libitum 
and food restricted conditions when these rewards were made 
concurrent (Muguruza et al., 2019).

MATERIALS AND METHODS

Animals
All protocols, which complied with the French (Décret 
2013–118) and European (2010/63/EU) rules on animal 
experimentation, were approved by the local Ethic Committee 
(Comité d’Ethique 50) with agreement numbers DIR13111, 
13649, 33-063-69 (F.C.) and A33-063-098 (animal facilities) 
provided under authority of the Préfecture de Gironde and 
the Ministry of Agriculture. Accordingly, the 3R-rules were 
followed, including through the use of the minimal number of 
animals per series of experiments that was required to reach 
conclusions. In addition, in keeping with the procedures used 
in this study (see the methodological outline), and which could 
have long-lasting consequences, all animals were only used 
once and sacrificed thereafter.

This study mainly used 3-week-old male and female 
C57BL/6N mice (Elevage Janvier, Le Genest Saint Isle, France). 
Upon arrival in our animal facilities, these mice were housed 
either singly (PWIR) or in three to four (group-housed). This 
study also involved 8-week-old male and female C57BL/6N 
mice, all individually housed (to avoid inter-individual 
aggression). All animals were housed in a thermoregulated 
room (21–22°C) placed under a partly inverted 12-h 
light/12-h dark cycle with lights off at 2:00 PM (free wheel-
running experiments) or at 10:00 AM (operant conditioning 
experiments). Excepted for experiments involving restriction 
feeding regimen (see below), mice were provided with food 
and water ad libitum.

Methodological Outline
A first series of experiments involved group-housed and PWIR 
female mice provided with wheels in their home cages under 
ad libitum fed conditions before being food-restricted (ABA 
protocol; Figure 1A). A second series of experiments involved 
individually-housed fed and food-restricted male and female 
mice, these mice being conditioned to nose poke for access to 
running wheels located in operant chambers (wheel-running 
motivation; Figure 1B). A third series of experiments used group-
housed and PWIR male and female mice which were conditioned 
to nose poke for access to wheel-running or palatable food, 
these rewards being first proposed alone before being proposed 
in competition under fed and, then, food-restricted conditions 
(Figure 1C).

Activity-Based Anorexia Protocol
At the age of 5 weeks, group-housed mice and mice singly-housed 
after weaning were singly placed in cages housing a running 
wheel (25-cm diameter, Intellibio, Seichamps, France). Following 
a 7-day period of habituation to their new environment during 
which food intakes, body weights and daily running activity 
were monitored, mice were then placed under a food-restriction 
procedure for another 7-day period (Figure 1A). This restriction 
procedure consisted in the daily placement of a limited amount 
of food (50% of the mean daily intake measured during the 
preceding week) in each cage, this amount being provided (after 
having checked for the absence of food crumbs) at the onset of the 
dark part of the light/dark cycle. Body weights were monitored 
daily while wheel-running performances were recorded on an 
hourly basis.

Operant Conditioning Set-Up
Motivation for wheel-running and/or food intake was studied 
in 12 individual operant chambers (28 cm long × 26 cm wide × 
38 cm high) located in a room adjacent to the animal housing 
room, as previously described (Muguruza et al., 2019). These 
chambers were placed inside wooden casings (60 cm long × 
62 cm wide × 49 cm high) that were ventilated to guarantee air 
circulation and to provide background noise (Imetronic, Pessac, 
France). For operant running experiments, lateral walls were 
made of gray Perspex while the rear wall had a central hollow 
for mounting the 20-cm-diameter wheel, the release trigger 
of which was connected to a circuit enabling the wheel to be 
locked or unlocked (by means of a brake-pad) in accordance 
with predefined experimental conditions (Figure 1D, operant 
running configuration). A cue-light placed above the wheel 
indicated the wheel unlocking. The wheel was flanked by two 
small ports (2.5 cm above the chamber grilled floor with cue 
lights located above) set into the rear wall to allow the animal 
to “poke” its nose through. For operant feeding, the rear side 
(running wheel, nose poke ports, cue-lights) was covered by 
gray Perspex whereas the left panel of the chamber housed in 
its center a recessed pellet tray surrounded by two nose poke 
(nose poke) ports (Figure 1D, operant feeding configuration). 
Cue-lights were placed above the nose poke ports and the feeder 
to indicate respectively effectiveness of the nose poke and pellet 
distribution. For reward choice sessions, the above-mentioned 
Perspex walls were removed to allow conditioned wheel-
running or conditioned feeding (Figure 1D, running/feeding 
choice configuration). Nose poke performance could be either 
“active” (leading to cue-light illumination and wheel unlocking 
or cue-light illumination and pellet distribution) or “inactive” 
(having no consequence). Left/right allocation of active/inactive 
nose poke ports was counterbalanced between animals during 
experiments. All devices in the operant chambers were linked to 
a computer which recorded both the number of active/inactive 
nose poke, the number of running sequences, and the running 
duration/distance covered during each rewarded sequence 
(wheel-running configuration), and the number of active/
inactive nose pokes, the number of pellets distributed, and the 
number of entries into the feeder (feeding configuration). Food 
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pellets were 20-mg chocolate-flavored pellets composed of 59.1% 
glucids, 18.4% proteins, 5.5% lipids, 6.5% minerals and 4.6% 
fibers (72 cal per 20-mg F05301 BioServ pellet; Plexx, Elst, The 
Netherlands).

Operant Conditioning Protocols
All protocols were similar to those already reported (Muguruza 
et al., 2019). In one series of experiments aimed at assessing the 
respective influences of the animal sex and of food restriction 
on wheel-running motivation (see above), operant conditioning 

procedures involved training under fixed-ratio 1 (FR1) and 
FR3 schedules of wheel-running reinforcement followed by a 
progressive ratio (PR) schedule of reinforcement. In a second 
series of experiments aimed at assessing the respective influences 
of the animal sex, of PWIR and of food restriction on wheel-
running motivation and on feeding motivation in a choice 
paradigm, operant conditioning procedures first involved training 
under FR1 and FR3 schedules of wheel-running or palatable 
food intake reinforcements, each reward being available alone. 
These training procedures were then followed by a PR schedule 
of reinforcement for each reward. Mice were then returned 

FIGURE 1 | Experimental protocols and operant chamber set-ups. (A–C) Protocol schemes for the three series of experiments aimed respectively at investigating 
the effects of post-weaning isolation rearing (PWIR) on free wheel-running in food-restricted mice (A), of the mouse sex on running motivation under fed and food 
restriction conditions (B), and of the mouse sex and of PWIR on the choice between running and feeding under fed and food restriction conditions (C). (D) Operant 
chamber set-up for the study of running motivation alone (left), palatable feeding motivation alone (center), and the preference between running and feeding in a 
concurrent choice design (right).
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to one session of FR3 schedule reinforcement with wheel-
running and palatable food intake being reinforced separately. 
Thereafter, mice were placed under additional FR3 schedules 
of reinforcement with both rewards being provided in a choice 
paradigm. The selection of one reward temporarily excluded any 
possibility to obtain the second reward. In all experiments, food-
restricted mice, whether tested for running motivation or for 
palatable food motivation, were provided their daily chow at least 
1 h after their operant session. Daily food provision, which was 
calculated as to promote a 10% reduction in initial body weights, 
took into account the amount of food eaten during the preceding 
test session. The time schedule that we chose, i.e., motivation 
tests 1–2 h before feeding, thus allowed to examine running and 
feeding drives at time periods corresponding to those during 
which FAA was observed in the ABA protocol.

For the first series of experiments (Figure 1B), male and female 
mice singly housed for a week, and aged 9 weeks old, underwent 
one daily habituation session in the operant chambers for two 
consecutive days. Mice were placed in the operant chambers 
with the cue light above the unlocked running wheel remaining 
illuminated while the two nose poke ports were covered-up 
by metal pieces. These two 60-min sessions were aimed at 
habituating the mice to both the operant chamber, the wheel 
and the cue indicating wheel-unlocking. When learning sessions 
began (Figure 1D, operant running configuration), the wheel 
locking/unlocking mechanism and the nose poke ports were fully 
operational. The wheel was unlocked for 60 s (wheel brake release) 
following nose pokes the mouse executed in its allocated active 
nose poke port. In the FR1 condition, a single active nose poke 
was sufficient to simultaneously illuminate the cue-light above the 
port for 10 s, unlock the running wheel for 60 s and illuminate a 
light above the wheel. Nose pokes in the other port were counted 
but were without functional consequence. When the 60-s period 
had elapsed, the wheel-light extinguished and the brake applied, 
so that the mouse had to step down from the wheel and execute 
a further nose poke in order to unlock it again. Nose pokes made 
in the active port while the wheel was already unlocked, counted 
as uncorrect responses, were without consequence. Habituation 
and FR1 sessions were ran once daily and lasted for 60 min. 
After completing six FR1 sessions, mice moved on to the FR3 
condition, i.e., a 60-s wheel-running period was contingent on 
three consecutive nose pokes in the active port. The day after the 
last FR3 session mice were tested under a linear PR schedule of 
reinforcement where i) the number of active nose pokes required 
to free the running wheel was incremented by three between each 
rewarded step (three, six, nine … etc: PR3), with ii) a time limit of 
15 min between two successive steps.

For the second series of experiments (Figure 1C), group-
housed mice and PWIR mice were first habituated to the 20-mg 
food pellets by providing them 3 to 5 pellets/day in their home 
cages for the 3 days that preceded their first day of exposure 
to the operant chambers. On this first day of habituation to 
the chambers, mice were exposed to two consecutive 30-min 
sessions with the running wheel being unlocked during the 
first session (Figure 1D, operant running configuration) while 
during the second session, the feeder distributed 17 chocolate 
pellets (Figure 1D, operant feeding configuration). In between, 

mice were returned for 5 min in their home cages (with 
drinking water) as to allow operant chamber configuration 
changes (wheel to food or vice versa). During these two sessions, 
whose reward order was counterbalanced, cue lights above the 
unlocked running wheel or the pellet tray remained illuminated 
while nose poke ports were covered-up by metal pieces for each 
configuration. These habituation periods were followed by a 
conditioning phasis wherein animals learned the contingency 
between the introduction of the muzzle into the “active” nose 
poke port and the access to the related reward. For this purpose, 
nose poke holes were not masked anymore as to allow the mouse 
to “poke” its nose through. As for habituation, two consecutive 
sessions per day (30 min/session) were performed: one for food 
(50% of the individuals in each mouse group) and the second 
for wheel-running (the remining 50% of the individuals in 
each mouse group), the order between the sessions being daily 
alterned. To facilitate the learning of the contingency for food 
(and hence running), mice were first food-restricted (as to 
display a stable 10% body weight reduction) for the first two to 
three FR1 sessions, i.e., sessions during which a single nose poke 
was sufficient to illuminate the cue light above the wheel or the 
food port for 5 s. Simultaneously the cue light above the wheel 
was activated for 20 s (indicating the possibility to run) while 
that above the food magazine was activated for 15 s (indicating 
the distribution of one food pellet). Although mice consumed 
their food pellet rapidly, we decided not to shorten the rewarding 
periods as i) to allow sufficient time for running and ii) to avoid 
rapid food satiety. Wheel unlocking or pellet distribution was 
respectively followed by 20- and 15-s time-out periods during 
which nose poke activity was inefficient. Five sessions of FR1 for 
each reward were sufficient to ensure that all animals learned 
and expressed stable performance over days. Then, animals were 
placed for another 5-day period under a FR3 schedule wherein 
three consecutive nose pokes in the active port were required to 
get one reward (i.e., 20-s wheel running or one chocolate pellet). 
All mice had a minimal discrimination index of 80% between 
active and inactive nose pokes. On the two consecutive days 
that followed the last FR3 session, mice were tested under PR 
3 schedule of reinforcements where the number of consecutive 
active nose pokes required to free the running wheel or to 
trigger the distribution of one pellet was incremented by three 
between each rewarded step (three, six, nine…). Half of the 
mice within each mouse group were tested for wheel-running 
reinforcement on the first day, the second half being tested for 
food reinforcement, and vice versa on the second day PR session. 
PR schedules of reinforcement, by allowing an estimation of the 
maximal number of consecutive nose pokes performed (and 
hence the last rewarded step that was reached, i.e., the so-called 
“breakpoint” level), provide an index of the appetitive motivation 
for each reward.

Preference for Wheel-Running Over 
Palatable Food Consumption
The day after the last PR session, mice from the second series of 
experiments were returned to FR3 schedules of wheel and food 
reinforcement as to indicate to the mice that the rewards were 
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again available following a fixed number of active nose pokes. Then, 
animals were placed in a choice condition (Figure 1D, running/
feeding choice configuration) with either wheel unlocking or food 
distribution being accessible under an FR3 schedule (Muguruza 
et al., 2019). However, choosing one reward excluded the possibility 
to obtain simultaneously the second reward. The respective durations 
of activation of the wheel (20 s) and the feeder (15 s) cue-lights 
remained as in the preceding sessions. However, to further indicate 
to the mice that might run during the entire 20-s sequence that the 
reward choice was mutually exclusive, we added a 5-s period during 
which a green ceiling light was switched on while none of the nose 
poke ports was active. Five daily consecutive choice sessions were 
performed to establish food and wheel preferences, each session 
being 60-min long. To explore how PWIR affected the impact of 
food restriction on the preference between wheel-running and 
feeding (as under ABA conditions; see above), these choice sessions 
were followed by five choice sessions during which the mice were 
food-restricted (to extents similar to those measured during the first 
two to three FR1 sessions; see above).

Data Analyses and Statistics
Measures of wheel-running performances (ABA experiments) 
were gathered using the ActiviWheel software (Intellibio, France) 
while operant running and/or feeding data were obtained using 
the PolyWheel software (Imetronic, France). To evaluate wheel-
running consumption during FR/PR sessions in the operant 
protocols, we divided the total running duration (or the total 
distance covered) within each session over the number of rewarded 
events during that session. Additionally, wheel preference (%) 
in the choice sessions was quantified by dividing the number of 
active nose pokes that led access to the wheel by the total number 
of active nose pokes performed for both rewards (food + wheel). 
Scores above 50% thus indicates a preference for wheel-running 
while scores below 50% indicates a preference for food.

All data are shown as means ± standard errors of the mean. 
Two-group (treatment or genotype) comparisons of the data 
gathered during the PR sessions were achieved by means of two-
tailed Student t-tests. Multiple data comparisons were performed 
through multiple (two- or three-way) analyses of variance (with/
without repeated factor), data being log-transformed to achieve 
variance homogeneity if needed. Post hoc comparisons (Tukey 
test) were only performed if interactions between main variables 
were significant. In choice experiments, preference scores were 
compared to non-preference (50% preference for one reward) by 
one-tailed Student’s t-tests. All analyses were achieved using the 
GB-Stat 10.0 software (Dynamic Microsystems, USA).

RESULTS

PWIR Female Mice Display Increased 
Food Anticipatory Wheel-Running Activity
Food-restricted grouped and PWIR mice displayed a progressive 
session-dependent shift of wheel-running activity from the dark 
part of the nycthemeral cycle to its light part (Figure 2A). This 
shift, which was mainly observed during the hours that preceded 
food availability (i.e., FAA), concerned to a higher extent the 

PWIR mice, compared to their grouped counterparts (Figure 2A). 
The overall analysis of wheel-running performances confirmed 
the latter observation. Thus, food restriction, which decreased 
body weights in all mice (F7,91 = 119.92, p < 0.0001), this decrease 
being larger in PWIR mice (F1,13 = 24.84, p = 0.0002; Figure 2B), 
inhibited wheel-running activity in both mouse groups (F7,91 = 
18.26, p < 0.0001; Figure 2C). However, this overall inhibition 
was associated with an increased wheel-running activity during 
the light part of the cycle, hence reflecting increased FAA (F7,91 = 
7.07, p < 0.0001), the amplitude of which was more pronounced 
in PWIR females, compared to their controls (F7,91 = 4.33, p = 
0.0004 for the time × mouse group interaction; Figure 2D).

Sex-Dependent Effects of Food 
Restriction on Wheel-Running Motivation
Taken together, the above-mentioned results indicated that 
PWIR amplified the stimulatory impact of food restriction 
on FAA in female mice. To examine whether this impact of 
PWIR in food-restricted mice was accounted for by specific 
changes in wheel-running motivation, and if so, whether these 
changes were sex-specific, we shifted from “free” wheel-running 
experiments to “effort-based” wheel-running experiments. Using 
operant conditioning, we first examined how food restriction 
affected running motivation in male and female mice before 
we analyzed the extent to which PWIR in male and female 
mice affected their motivation for i) wheel-running and ii) food 
intake under fed and food-restricted conditions. Food restriction 
did not affect male (Figure 3A) and female (Figure 3B) nose 
poke responses for wheel-running under FR1/FR3 schedules 
of reinforcement. Beside, the overall analysis of nose pokes in 
(fed and food-restricted) male and female mice revealed higher 
scores in females, as compared to males (F1,44 = 20.74, p < 0.0001; 
Figure 3A and B). As opposed to its lack of effect on nose poke 
responses, food-deprivation increased both the running duration 
per rewarded sequence (F1,23 = 11.82, p = 0.0022; Figure 3C) and 
the distance ran per rewarded sequence (F1,23 = 12.83, p = 0.0016; 
Figure 3E) in male mice, but not in female mice (Figure 3D 
and F). When tested under a PR schedule of reinforcement, fed 
and food-restricted females were found to perform better than 
their fed and food-restricted male counterparts (F1,44 = 10.42, 
p = 0.0024; Figure 3G and H), indicating higher motivation 
in the former mouse groups. However, when focusing on the 
effects of the feeding regimen on running motivation, males 
(Figure 3G), but not females (Figure 3H), proved sensitive to the 
stimulatory impact of food restriction although the latter bore sex-
independent body weight-reducing effects (Figure 3G and H). 
Sex- and food restriction-dependent influences on wheel-running 
performances during the FR sessions extended to PR sessions as 
running durations per rewarded sequences (39.74 ± 2.83 s) and 
running distances per rewarded sequences (10.04 ± 1.22 m) were 
respectively increased by food restriction (47.91 ± 1.96 s and 14.81 ± 
1.11 m; p = 0.031 and p = 0.011, respectively) in males, but not in 
females (data not shown). Taken together, these results revealed 
that although females displayed higher running motivation than 
males, their drive proved insensitive to food restriction, as opposed 
to that of males.
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Sex-Dependent Effects of PWIR on  
Nose-Poke Responding Reinforced by 
Wheel-Running or Palatable Food
The results gathered in the two preceding series of experiments 
rose the hypothesis that PWIR might increase nose poke 
responses for wheel-running in food-restricted females while 
possibly amplifying those evoked by food restriction in males. 
To test this hypothesis, we however had first to document i) the 
specificity of the effects of PWIR with regard to the nutritional 

status of the animals (ad libitum fed vs. food restricted), and 
ii) measure whether these wheel-running responses were 
associated with PWIR- and/or sex-dependent changes in 
nose poke responses for food with/without food restriction. 
Accordingly, we measured the respective influences of PWIR, 
food restriction, and sex on nose poke responses for wheel-
running and palatable feeding, each reward being provided 
alone. Grouped (Figure 4A), but not PWIR (Figure 4B), males 
displayed higher nose poke responses for wheel-running than 

FIGURE 2 | Wheel-running performances of grouped and post-weaning isolation reared (PWIR) female mice submitted to a restricted feeding protocol. (A) Hourly 
wheel-running activities before and during repeated food restriction (days 1–7). A limited amount of food (50% of the food quantity consumed during ad libitum 
feeding conditions) was provided at the daily onset of the dark period of the light/dark cycle. (B) Food restriction-elicited body weight reductions in grouped and 
PWIR mice. (C,D) Food restriction effects on daily running distances (C) and on daily distances ran during the light part of the light/dark cycle (D). The values are 
the mean ± standard error of the mean of n = 7–8 mice. * p < 0.05 for the impact of PWIR (multiple-way analysis of variance). + p < 0.05 and ++ p < 0.01 for the 
difference with D0 (post hoc Tukey test following a significant day × mouse group interaction in the multiple-way analyses of variance). D0–D7 refer to day 0–day 7.
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FIGURE 3 | Sex-dependent effects of food restriction on running motivation and running performances. (A,B) Neither male mice (A) nor female mice (B) displayed 
changes in their nose poke responses for wheel-running with food restriction when placed under FR1/FR3 schedules of reinforcement. (C,D) Food restriction 
increased the running duration per rewarded sequence in male mice (C), but not in female mice (D). (E,F) Food restriction increased the distance ran per rewarded 
sequence in male mice (E), but not in female mice (F). (G,H) A food restriction regimen leading to a 15–16% reduction in body weight amplified male (G), but not 
female (H) nose poke responses for wheel-running during a PR session. The values are the mean ± standard error of the mean of n = 11–14 mice. ** p < 0.01 for the 
impact of food restriction (multiple-way analysis of variance). + p < 0.05 and +++ p < 0.001 for the effect of food restriction during the PR session (Student t-test).
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for palatable food under an FR3 schedule of reinforcement 
(F1,8 = 17.19, p = 0.0031). Examination of these responses under 
a PR schedule of reinforcement revealed a reward x housing 
interaction (F1,9 = 5.86, p = 0.0385) that was mainly accounted for 
by increased motivation for palatable food over wheel-running 
in isolated animals (Figure 4C). As opposed to males, both 
group-housed (F1,8 = 12.21, p = 0.008; Figure 4D) and PWIR 
(F1,10 = 13.49, p = 0.0043; Figure 4E) female mice responded 
more for wheel-running than for food under FR3 schedules 
of reinforcement. However, these trends did not translate into 
higher responses for wheel-running in the PR sessions whether 
nose poke numbers (Figure 4F) or breakpoint levels (data not 
shown) were considered.

Sex-Dependent Effects of PWIR on the 
Choice Between Wheel-Running and 
Palatable Food
The aforementioned experiments alternatively used wheel-
running or palatable feeding as reinforcers. To examine 

whether the conclusions raised by these experiments 
extended to a reward choice situation (as daily encountered by 
humans, including AN patients), we performed one series of 
experiments wherein mice placed under an FR3 schedule of 
reinforcement could select one of the two rewards, this choice 
being temporarily exclusive. Moreover, as PWIR affected the 
amplitudes of the respective impacts of food restriction on 
body weight losses and FAA in female mice (Figure 2B and 
D), these experiments involved mice initially provided food ad 
libitum before being placed under a food restriction regimen. 
The analysis of the respective nose poke responses for wheel-
running and palatable feeding revealed significant reward × 
food regimen × session interactions on nose poke responses 
in grouped males (F4,32 = 8.23, p = 0.0001; Figure 5A) and in 
PWIR males (F4,40 = 22.31, p < 0.0001; Figure 5B). However, 
while nose poke responses for wheel-running exceeded those 
for feeding during ad libitum feeding conditions—a difference 
which vanished during food restriction—in grouped males 
(Figure 5A), nose poke responses for each reward were similar 
in their PWIR counterparts (Figure 5B). Comparisons of the 

FIGURE 4 | Sex-dependent effects of post-weaning isolation rearing (PWIR) on running motivation and palatable feeding motivation (each reward provided 
separately). (A,B) Grouped (A), but not PWIR (B), males displayed higher nose poke responses for wheel-running than for palatable food under FR3 schedules 
of reinforcement. (C) Grouped and PWIR male mice showed opposed profiles of nose poke responses for running and feeding during a PR session. (D,E) Both 
grouped (D) and PWIR (E) females displayed a higher number of nose poke responses for running, compared to feeding, under FR3 schedules of reinforcement. 
(F) Neither PWIR nor the reward nature exerted influences on the number of nose responses displayed by female mice for reward access during a PR session. 
The values are the mean ± standard error of the mean of n = 5–6 mice. * p < 0.05 for the PWIR × reward interaction during the PR session, and ** p < 0.01 for the 
overall difference between rewards under FR3 schedules of reinforcement (multiple-way analyses of variance).

www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/


Running and Feeding After StressHurel et al.

10www.frontiersin.orgFrontiers in Pharmacology | May 2019 | Volume 10 | Article 587

FIGURE 5 | Sex-dependent effects of post-weaning isolation rearing (PWIR) on the preference between running and palatable feeding (choice sessions). 
(A) The difference in nose poke responses for running over feeding in grouped males was progressively inversed with food restriction. (B) Fed PWIR males displayed 
equal numbers of nose responses for running and feeding. (C) Grouped and PWIR male mice showed similar body weight losses during food restriction. (D) Grouped, 
but not PWIR, mice displayed time-dependent preferences for wheel-running over feeding. (E,F) The difference in nose poke responses for running over feeding in 
grouped and PWIR females was progressively inversed with food restriction. (G) Identical body weight losses in food-restricted grouped and PWIR female mice during 
the choice sessions. (H) Similar profiles of wheel-running preference over feeding in grouped and PWIR females during the choice sessions. The values are the mean 
± standard error of the mean of n = 5–6 mice. ** p < 0.01 for the time-dependent differences between nose poke responses for wheel-running and feeding ( post hoc 
Tukey tests following significant session x reward interaction in the multiple-way analyses of variance), and *** p < 0.001 for the overall impacts of food restriction on 
body weights (multiple-way analyses of variance). + p < 0.05 and ++ p < 0.01 for the differences with the non-preference (50%) level (one-tailed Student t-tests).
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respective reward preference ratios in grouped males and in 
PWIR males (F4,36 = 4.90, p = 0.0029) confirmed these trends 
based on absolute nose poke responses for each reward (Figure 
5D). Actually, the slopes of the session-dependent decreases in 
body weights (F1,9 = 67.07, p < 0.0001; Figure 5C) and wheel 
preference (Figure 5D) were similar in food-restricted grouped 
and PWIR males. As in males, PWIR in female mice did not 
affect the amplitude of body weight losses following food 
restriction (F1,9 = 54.88, p < 0.0001; Figure 5G). However, as 
opposed to ad libitum fed males, PWIR proved ineffective on 
the amplitude of the preference for wheel-running over feeding 
during ad libitum feeding. This was true whether absolute nose 
poke responses for wheel-running and palatable feeding (F4,32 = 
20.81, p < 0.0001 and F4,40 = 19.28, p < 0.0001 in group-housed 
mice and in PWIR mice, respectively; Figure 5E and F) or 
reward preference ratios (F4,36 = 14.25, p = 0.0001; Figure 5H) 
were considered. Lastly, it is worthy of mention that the mean 
running preference ratio, although over 50% in grouped males 
(Figure 5D) and grouped females (Figure 5H), showed a 
sex-dependent heterogeneity of responses. Hence, in males, 
this heterogeneity was partly, but not fully, accounted for by 
one male (over five) which displayed 88–100% preference for 
wheel-running over feeding under ad libitum fed conditions 
before showing delayed preference for feeding, compared to the 
other males, under restricted conditions.

PWIR Decreases Wheel-Running 
Performances in Male Mice
The aforementioned observation that PWIR reduced the wheel 
preference over food in male mice might have been biased by 
an increased wheel-running performance during each rewarded 
sequence. If so, “consumption” of the reward would have 
compensated for decreased reward motivation in this mouse 
group. Analyses of wheel-running performances during each 
rewarded sequence argued against such a possibility. Thus, 
either the running duration (F1,9 = 10.57, p = 0.01; Figure 6A) 
or the running distance (F1,9 = 5.85, p = 0.039; Figure 6C) per 
rewarded sequence proved sensitive to PWIR, PWIR mice 
displaying decreased performances compared to group-housed 
mice. Indeed, these two performance indices were affected to 
a similar extent by PWIR, an observation which accounted for 
the lack of influence of that stressor on the mouse mean speed 
(data not shown). The impact of PWIR on wheel-running 
performances was sex-specific as it proved ineffective in female 
mice (Figure 6B and D).

DISCUSSION

AN bears the highest mortality rate among psychiatric diseases 
(Kaye et al., 2009), which is accounted for by our poor knowledge 
of its neurobiological underpinnings and hence a lack of efficient 
therapy for the most dramatic cases. Our ignorance of AN 
neurobiology lies on both its complex etiology and the translational 
limits of AN animal models. Although different animal models of 
AN exist (Mequinion et al., 2015), the one that has gained much 

audience is the ABA model. However, the great majority of ABA 
studies uses “free” wheel-running (i.e. costless access to running 
wheels) in their quest to elucidate the bases of AN. This can be 
questionned on the basis of former evidence for a motivation 
conflict between exercise and feeding in AN (Klein et al., 2004; 
Casper, 2006; Keating, 2010; Keating et al., 2012). Actually, recent 
observations strengthen the hypothesis of a general alteration 
in reward pathways in AN, whether brain responses to losses in 
monetary gambling tasks or therapeutic responses to the deep brain 
stimulation of the nucleus accumbens—a key node in brain reward 
pathways—are concerned (Bischoff-Grethe et al., 2013; Lipsman et 
al., 2017; Bernardoni et al., 2018). To date, only one study addressed 
the role of these pathways in the ABA model. Thus, selective 
chemogenetic stimulation of the dopaminergic mesoaccumbal 
pathway increased the percent survival to the ABA protocol, doing 
so by increasing food intakes and FAA-induced body weight loss 
in female rats (Foldi et al., 2017). An additional concern with the 
use of the ABA model relates to the observation that it provides 
neither an index of feeding motivation nor an analysis of the 
balance between running motivation and feeding motivation when 
both are available (as in the daily life of anorectics). By comparing 
the respective results provided by the ABA on the one hand, and 
reward-motivated instrumental responses on the other hand, this 
study provides evidence that conclusions based on the former are 
not valid when motivation-driven responses are considered.

As indicated above, the wide use of the ABA model is accounted 
for by the seminal observation that rats undergoing a food 
restriction regimen, i.e., a unique (time- or quantity-restricted) daily 
access to food, progressively increase their running performances 
when housed with running wheels. Actually, such an increase in 
performance mainly relates to FAA, a behavior classically observed 
in food-restricted animals prior to food presentation. The negative 
balance between energy intake and energy expenditure in favor 
of the latter thus accounts for the widespread use of ABA as an 
animal model of AN (although species-dependent sensitivities 
must be considered; Rowland et al., 2018). If so, it is expected that 
AN precipitating factors, such as perinatal and postnatal trauma 
(see Introduction), amplify such an imbalance. Actually, the use 
of prenatal stress, early weaning or repeated maternal separation 
has indicated that ABA symptomatology might be exacerbated by 
these procedures, albeit not necessarily in a sex-dependent manner 
(Glavin and Pare, 1985; Hancock and Grant, 2009; Schroeder et al., 
2018). In the present study, we selected PWIR as the infant trauma. 
Thus, social isolation at the onset of the post-weaning period and 
throughout adolescence is endowed with long-lasting behavioral 
disturbances (e.g. anxiety, alterations in impulse control, deficit in 
social interactions, increased drug preference, efficient acquisition of 
drug self-administration; Burke et al., 2017; Walker et al., 2019) that 
are relevant to the scope of this study. The origins of these disturbances 
are likely due to the inability to express social play behavior, a highly 
rewarding activity that contributes to a major extent to the normal 
development of emotional processes (Vanderschuren et al., 2016).

As indicated above, ABA relies on a unique time- or quantity-
restricted daily access to food. In most cases, a short time-window 
is privileged for daily food access. In our hands, preliminary 
observations using a daily 3-h access to food indicated that this 
protocol was too severe for the animals, as illustrated by precipitated 
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and important body weight decreases that led to the discontinuation 
of wheel-running activity after 4 days in several animals (and 
hence interruption of the study for welfare reasons). Accordingly, 
we chose a quantity-restricted paradigm that allowed to observe 
significant wheel-running activity in all animals. In keeping with the 
aforementioned prevalence of woman suffering AN, as compared 
to males, we first tested whether PWIR was endowed with a 
significant impact in female mice exposed to an ABA paradigm. 
The observation that PWIR amplified the food restriction-elicited 
decrease in body weight—extending data in male rats (Ness et al., 
1995)—while amplifying FAA, but not postprandial activity, argues 
against the proposal that the latter is directly related to weight loss 
(Wu et al., 2014). Besides putative species differences (mice vs. rats), 
one likely explanation for this discrepancy lies on the fact that in the 
latter study food-restricted animals were provided food during the 
light phase of the light/dark cycle (as in many other ABA studies), 
and not at the onset of the dark phase (present study), i.e., when 
rodents normally begin eating. Actually, such a time-dependent 

importance of food delivery, with respect to the light/dark cycle, 
has been documented elsewhere (Dwyer and Boakes, 1997). Thus, 
body weight losses, besides being of lower amplitude if food is 
provided at the onset of the dark period, were found to stabilize 
more rapidly when feeding occurred within the dark period than 
within the light period (Dwyer and Boakes, 1997). Noteworthy is 
the additional finding that the comparison between animals only 
allowed FAA (i.e., by unblocking the wheels during the hours 
preceding food provision) and animals allowed to run throughout 
the light/dark cycle indicated that ABA was fully accounted for by 
FAA (Dwyer and Boakes, 1997).

Our finding that FAA was increased in PWIR females, as 
compared to group-housed females, suggested that wheel-running 
motivation might be exacerbated in the former animals. Besides 
indicating the crucial need to shift to a paradigm allowing to 
specifically measure running motivation (Collier and Hirsch, 
1971; Iversen, 1993; Belke, 1997; Muguruza et al., 2019)—doing so 
through the quantitation of the efforts the mice accept to provide 

FIGURE 6 | Impaired nose poke responses for wheel-running were associated with decreased running performances in PWIR males. (A,B) PWIR decreased the 
running duration per rewarded sequence in males (A), but not in females (B). (C,D) PWIR males (C), but not females (D), ran less distance per rewarded sequence, 
compared to their respective grouped controls. The values are the mean ± standard error of the mean of n = 5–6 mice. * p < 0.05 and ** p < 0.01 for the overall 
impacts of PWIR throughout test sessions (multiple-way analyses of variance).
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to unlock a running wheel—this result raised two issues. The first 
was related to the impact of sex, if any, on running motivation in 
PWIR mice. The second issue involved the need to measure feeding 
motivation as to appreciate how PWIR might affect the balance 
between running and feeding drives. To explore these issues, we 
exposed fed/food-restricted group-housed/PWIR mice to operant 
protocols that specifically allow to estimate wheel-running and 
feeding drives as well as running performances (Muguruza et al., 
2019). However, before focusing on these issues, we asked two 
preliminary, albeit important, questions within the present context, 
i.e. does food-restriction increase wheel-running motivation, and if 
so, is the amplitude of that increase sex-dependent? Thus, although 
the stimulatory impacts of either food restriction or complete fasting 
on wheel-running performance are known since almost 70 years 
(Finger, 1951), only one study, which used rats, compared males 
and females with respect to wheel-running motivation under fed 
and food-restricted conditions (Pierce et al., 1986). It was observed 
that the relationship between the amplitude of food restriction 
and running motivation, as estimated during a PR session, 
followed an inverted U-shaped curve with females responding to 
food restriction with seemingly higher running motivation than 
males (albeit the low number of animals impedes any conclusion; 
Pierce et al., 1986). The observation that food-restriction might 
increase running motivation fits with the finding that motivation 
for wheel-running under food-limited conditions is food-related, 
hence increasing performance, at least under “free” wheel-running 
conditions (Belke and Pierce, 2016). To our surprise, our female 
mice, albeit responding more than males for wheel-running under 
both constant (FR) and progressive (PR) reinforcement schedules, 
proved insensitive to food restriction. Conversely, food restriction 
stimulated male nose poke responses during the PR, but not the 
FR, sessions, indicating increased motivation. Interestingly, the 
lack of impact of food restriction on male nose poke responses 
during FR sessions did not extend to wheel-running performances 
at each rewarded sequence, as illustrated by the increased running 
duration/distance throughout these sessions. In keeping with 
our previous observation that mice bearing a deletion of the 
cannabinoid type-1 (CB1) receptor display decreased nose poke 
responses for wheel-running during FR/PR sessions without any 
alteration in running duration/distance at each rewarded sequence 
(Muguruza et al., 2019), the present study reinforces the belief that 
running motivation and running “consumption” (as assessed from 
running performances) are different entities (Belke and Garland, 
2007; Muguruza et al., 2019).

That food restriction did not stimulate running motivation 
in our female mice although ABA-induced FAA, albeit of weak 
amplitude, could be observed in these animals suggested that FAA 
is not an index of running motivation. If so, this in turn would 
indicate that the aforementioned stimulatory impact of PWIR on 
FAA occurs without any change in running motivation. At first 
sight, this possibility might appear counterintuitive in keeping 
with the aforementioned report that chemogenetic stimulation of 
the mesolimbic pathway, which plays a key role in motivation for 
rewards, slightly, but significantly, amplifies FAA (Foldi et al., 2017). 
Accordingly, we analyzed wheel-running motivation in PWIR and 
grouped females, extending this investigation to males as running 
motivation was stimulated in a sex-dependent manner by food 

restriction. Moreover, as AN associates high exercise motivation 
with low feeding motivation under circumstances during which 
both rewards are in competition, we took advantage of our recently 
developed operant paradigm wherein the reinforcing values of these 
two rewards can be assessed separately in fed animals before being 
compared within a choice paradigm under fed and food-restricted 
conditions (Muguruza et al., 2019). Under fed conditions, whether 
the rewards were provided separately or within a choice paradigm, 
PWIR males responded to similar extents for wheel-running and 
for palatable food when all other mouse groups displayed increased 
responding for wheel-running. The negative impact of PWIR 
on male nose poke responding for wheel-running, compared to 
that measured in the other mouse groups, extended to running 
performance. Thus, when analyzed when wheel-running was 
proposed either solely or in concurrence with palatable food, the 
running duration/distance per rewarded sequence was decreased in 
PWIR males, compared to grouped males. This suggests that PWIR 
bears negative consequences on both wheel-running motivation and 
wheel-running “consumption”. Considering the finding mentioned 
above that wheel-running motivation is under tight control by CB1 
receptors (Rasmussen and Hillman, 2011; Muguruza et al., 2019), 
the observation that PWIR decreases CB1 receptor activity in rats 
(Zamberletti et al., 2012) and mice (Muguruza et al., in preparation) 
might provide a route of investigation to unravel the neurobiological 
underpinnings of decreased running motivation in PWIR males. 
As concerns the reduced wheel-running performance in these 
animals, the finding that opioid receptors, the density of which 
is reduced by PWIR (Schenk et al., 1982), might control wheel-
running performance without impacting on running motivation 
(Rasmussen and Hillman, 2011), provides another promising 
route of investigation. Confirmingly, opiate receptor blockade has 
been reported to alleviate, through decreased wheel-running, ABA 
severity (Boer et al., 1990). Using a food restriction protocol similar 
to that used in animals which were only tested for their running 
motivation (see above), motivation for food overpassed progressively 
that for running in all groups (with females reaching higher levels 
than males). In sharp contrast with the above-mentioned higher 
FAA in PWIR females, compared to grouped females, motivation 
for wheel-running proved insensitive to PWIR. Besides running 
protocol differences, the fact that another reward, namely palatable 
food, was accessible might explain this differential effect of PWIR. 
Indeed, studies from Ahmed’s group have shown that the rank of 
motivation for one of two rewards provided separately might be 
reversed when both rewards are proposed in concurrence (Cantin 
et al., 2010).

Taken together, the results from this study show that changes 
in “free” wheel-running performances, including FAA, in an ABA 
protocol by no means reflect alterations in the drive for running (as 
assessed through an effort-based protocol). Because AN imbalances 
in the respective drives for exercise and feeding are at the core of the 
pathology, our results question the translational usefulness of ABA. 
There are of course limits to the present study. One limit relates to 
the low numbers of animals which might have underpowered our 
analyses. Although this possibility must be taken into account, the 
data gathered in the present study clearly show that the measurement 
of FAA in the ABA protocol does not provide information on running 
motivation. The second limit is linked to our use of palatable food, 
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instead of normal chow food, to assess the impact of PWIR on feeding 
motivation. Thus, adding food palatability to normal (i.e., chow) 
feeding behavior likely recruits additional central circuit components, 
including those projecting to the mesocorticolimbic dopaminergic 
system (Fulton, 2010). However, because i) only food-restricted mice 
do work to a significant extent to get access to normal chow food, and  
ii) this study wished to assess the respective impacts of PWIR 
on feeding drives under both ad libitum fed and food restriction 
conditions, the sole option was to use palatable food although 
we acknowledge the fact that such a use amplified PR nose poke 
responses, at least in fed animals, compared to normal chow. A third 
limit relates to the fact that this study involved animals tested daily for 
30–60 min, hence increasing the objective value of each reward. Thus, 
AN patients are confronted throughout their daily life to the choice 
between these two rewards. A fourth limit is in keeping with former 
evidence for the oestrous cycle stage impacting on reward motivation 
(oestrus > dioestrus), at least for cocaine (Calipari et al., 2017). 
Although we cannot exclude that cycle variations contributed to the 
differential impacts of PWIR in the present study, it should be noted 
that its respective effects on FAA and nose poke responses under an 
FR3 schedule of reinforcement were studied through a successive 
number of days that encompassed the duration of the oestrus cycle. 
The fact that we did not include genetics in our study—although 
these are involved in AN etiology (see above)—might be considered 
another key limit. Hence, it might be that testing mouse lines different 
from the one used herein would have provided a female-specific 
increase in running motivation at the expense of that for feeding after 
PWIR. Another important limit stems from our procedure which 
only compared the respective drives for running and feeding under 
one schedule of reinforcement (i.e., FR3). Although the purpose 
of this study was not to compare the intrinsic rewarding values of 
running and feeding, a procedure which would have required different 
schedules of reinforcement (Hursh et al., 1988; Hursh and Silberberg, 
2008), we cannot exclude that increasing the costs for each reward 
would have led to results differing from the present ones. As rightly 
proposed by Rowland et al., 2018 in their use of a cost-based anorexia 
model, increasing the cost to access food would mimic the high cost 
AN patients feel with regard to food. Accordingly, using a cost-based 
anorexia model wherein mice would be proposed food at progressively 
higher costs in their living environment (Atalayer and Rowland, 2011), 
and adding to that model increasing costs for running, could help to 
disentangle the neurobiologial grounds of AN. Such a model would 
prove useful for the development of pharmacological agents aimed at 
specifically altering the exercise/food drive balance (in either direction) 
for therapeutic goals.
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