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            Abstract
Worldwide, 100 million people are expected to die this century from the consequences of nicotine addiction1, but nicotine is also known to enhance cognitive performance2. Identifying the molecular mechanisms involved in nicotine reinforcement and cognition is a priority and requires the development of new in vivo experimental paradigms. The ventral tegmental area (VTA) of the midbrain is thought to mediate the reinforcement properties of many drugs of abuse. Here we specifically re-expressed the β2-subunit of the nicotinic acetylcholine receptor (nAChR) by stereotaxically injecting a lentiviral vector into the VTA of mice carrying β2-subunit deletions3,4. We demonstrate the efficient re-expression of electrophysiologically responsive, ligand-binding nicotinic acetylcholine receptors in dopamine-containing neurons of the VTA, together with the recovery of nicotine-elicited dopamine release and nicotine self-administration. We also quantified exploratory behaviours of the mice, and showed that β2-subunit re-expression restored slow exploratory behaviour (a measure of cognitive function) to wild-type levels, but did not affect fast navigation behaviour. We thus demonstrate the sufficient role of the VTA in both nicotine reinforcement and endogenous cholinergic regulation of cognitive functions.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more



Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more



Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Figure 1: 
                        Lentivector-mediated expression of eGFP and nAChR β2-subunit in the VTA.
                      


Figure 2: 
                        Effects of nicotine 
                        in vivo
                         on dopamine neuron firing and dopamine release.
                      


Figure 3: 
                        Intra-VTA nicotine self-administration.
                      


Figure 4: 
                        VTA β2-subunit re-expression and behaviours in open fields.
                      



                


                
                    
                
            

            
                References
	Peto, R. et al. Mortality from smoking worldwide. Br. Med. Bull. 52, 12–21 (1996)
Article 
    CAS 
    
                    Google Scholar 
                

	Levin, E. D. & Rezvani, A. H. Nicotinic treatment for cognitive dysfunction. Curr. Drug Targets CNS Neurol. Disord. 1, 423–431 (2002)
Article 
    CAS 
    
                    Google Scholar 
                

	Picciotto, M. R. et al. Abnormal avoidance learning in mice lacking functional high-affinity nicotine receptor in the brain. Nature 374, 65–67 (1995)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Picciotto, M. R. et al. Acetylcholine receptors containing the β2 subunit are involved in the reinforcing properties of nicotine. Nature 391, 173–177 (1998)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Corringer, P. J., Le Novere, N. & Changeux, J. P. Nicotinic receptors at the amino acid level. Annu. Rev. Pharmacol. Toxicol. 40, 431–458 (2000)
Article 
    CAS 
    
                    Google Scholar 
                

	McGehee, D. S. & Role, L. W. Physiological diversity of nicotinic acetylcholine receptors expressed by vertebrate neurons. Annu. Rev. Physiol. 57, 521–546 (1995)
Article 
    CAS 
    
                    Google Scholar 
                

	Laviolette, S. R. & van der Kooy, D. The neurobiology of nicotine addiction: bridging the gap from molecules to behaviour. Nature Rev. Neurosci. 5, 55–65 (2004)
Article 
    CAS 
    
                    Google Scholar 
                

	Granon, S., Faure, P. & Changeux, J. P. Executive and social behaviors under nicotinic receptor regulation. Proc. Natl Acad. Sci. USA 100, 9596–9601 (2003)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Maskos, U., Kissa, K., St Cloment, C. & Brulet, P. Retrograde trans-synaptic transfer of green fluorescent protein allows the genetic mapping of neuronal circuits in transgenic mice. Proc. Natl Acad. Sci. USA 99, 10120–10125 (2002)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Naldini, L. et al. In vivo gene delivery and stable transduction of nondividing cells by a lentiviral vector. Science 272, 263–267 (1996)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Zoli, M., Lena, C., Picciotto, M. R. & Changeux, J. P. Identification of four classes of brain nicotinic receptors using β2 mutant mice. J. Neurosci. 18, 4461–4472 (1998)
Article 
    CAS 
    
                    Google Scholar 
                

	Swanson, L. W. The projections of the ventral tegmental area and adjacent regions: a combined fluorescent retrograde tracer and immunofluorescence study in the rat. Brain Res. Bull. 9, 321–353 (1982)
Article 
    CAS 
    
                    Google Scholar 
                

	Grace, A. A. & Bunney, B. S. Intracellular and extracellular electrophysiology of nigral dopaminergic neurons–1. Identification and characterization. Neuroscience 10, 301–315 (1983)
Article 
    CAS 
    
                    Google Scholar 
                

	Grenhoff, J., Aston-Jones, G. & Svensson, T. H. Nicotinic effects on the firing pattern of midbrain dopamine neurons. Acta Physiol. Scand. 128, 351–358 (1986)
Article 
    CAS 
    
                    Google Scholar 
                

	Mansvelder, H. D., De Rover, M., McGehee, D. S. & Brussaard, A. B. Cholinergic modulation of dopaminergic reward areas: upstream and downstream targets of nicotine addiction. Eur. J. Pharmacol. 480, 117–123 (2003)
Article 
    CAS 
    
                    Google Scholar 
                

	Klink, R., de Kerchove d'Exaerde, A., Zoli, M. & Changeux, J. P. Molecular and physiological diversity of nicotinic acetylcholine receptors in the midbrain dopaminergic nuclei. J. Neurosci. 21, 1452–1463 (2001)
Article 
    CAS 
    
                    Google Scholar 
                

	Pontieri, F. E., Tanda, G., Orzi, F. & Di Chiara, G. Effects of nicotine on the nucleus accumbens and similarity to those of addictive drugs. Nature 382, 255–257 (1996)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	David, V., Durkin, T. P. & Cazala, P. Differential effects of the dopamine D2/D3 receptor antagonist sulpiride on self-administration of morphine into the ventral tegmental area or the nucleus accumbens. Psychopharmacology (Berl.) 160, 307–317 (2002)
Article 
    CAS 
    
                    Google Scholar 
                

	Bardo, M., Donohew, R. & Harrington, N. Psychobiology of novelty seeking and drug seeking behavior. Behav. Brain Res. 77, 23–43 (1996)
Article 
    CAS 
    
                    Google Scholar 
                

	Robbins, T. W. Chemical neuromodulation of frontal-executive functions in humans and other animals. Exp. Brain Res. 133, 130–138 (2000)
Article 
    CAS 
    
                    Google Scholar 
                

	Renner, M. J. Neglected aspects of exploratory behavior and investigatory behavior. Psychobiology 18, 16–22 (1990)

                    Google Scholar 
                

	Thinus-Blanc, C. Animal Spatial Cognition: Behavioural and Neural Approaches (World Scientific, Singapore, 1996)
Book 
    
                    Google Scholar 
                

	Faure, P., Neumeister, H., Faber, D. & Korn, H. Symbolic analysis of swimming trajectories reveals scale invariance and provides a model for fish locomotion. Fractals 11, 233–243 (2003)
Article 
    MathSciNet 
    
                    Google Scholar 
                

	Zoli, M., Picciotto, M. R., Ferrari, R., Cocchi, D. & Changeux, J. P. Increased neurodegeneration during ageing in mice lacking high-affinity nicotine receptors. EMBO J. 18, 1235–1244 (1999)
Article 
    CAS 
    
                    Google Scholar 
                

	Poucet, B. & Benhamou, S. The neuropsychology of spatial cognition in the rat. Crit. Rev. Neurobiol. 11, 101–120 (1997)
Article 
    CAS 
    
                    Google Scholar 
                

	Mesulam, M. M., Mufson, E. J., Wainer, B. H. & Levey, A. I. Central cholinergic pathways in the rat: an overview based on an alternative nomenclature (Ch1-Ch6). Neuroscience 10, 1185–1201 (1983)
Article 
    CAS 
    
                    Google Scholar 
                

	Carr, D. B. & Sesack, S. R. GABA-containing neurons in the rat ventral tegmental area project to the prefrontal cortex. Synapse 38, 114–123 (2000)
Article 
    CAS 
    
                    Google Scholar 
                

	Dehaene, S., Kerszberg, M. & Changeux, J. P. A neuronal model of a global workspace in effortful cognitive tasks. Proc. Natl Acad. Sci. USA 95, 14529–14534 (1998)
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Schultz, W., Dayan, P. & Montague, P. R. A neural substrate of prediction and reward. Science 275, 1593–1599 (1997)
Article 
    CAS 
    
                    Google Scholar 
                

	Cunningham, M. G. & McKay, R. D. A hypothermic miniaturized stereotaxic instrument for surgery in newborn rats. J. Neurosci. Methods 47, 105–114 (1993)
Article 
    CAS 
    
                    Google Scholar 
                


Download references




Acknowledgements
This research was supported by the Institut Pasteur, Collège de France, Centre National de la Recherche Scientifique CNRS URA 2182 and UMR 5106, Association de Recherche sur le Cancer, European Commission Contracts ‘NIDE’ and ‘Nicotine and Ageing’, Mission Interministérielle de Lutte contre la Drogue et la Toxicomanie (MILDT), a National Research Service Award Fellowship from the NIH (to B. E. M.), a Scholarship from the Letten F. Saugstad Foundation (to M. B.), and an ATER from Collège de France (to A. E.). We are grateful to L. Prado for the electrophysiological characterization of expression plasmids, and to C. Reperant and M. Soudant for technical assistance. We would like to thank J.-P. Bourgeois, B. Gutkin, H. Korn, P.-M. Lledo and R. McKay for comments on the manuscript.


Author information
Author notes	N. Dufour
Present address: Isotopic Imaging, Biochemical and Pharmacological Unit, and Imagene Program, Service Hospitalier Frédéric Joliot, 91401, Orsay, France

	A.-P. Bemelmans
Present address: Laboratoire d'oculogénétique, Hôpital Ophtalmique Jules Gonin, 1004, Lausanne, Switzerland


Authors and Affiliations
	Unité Récepteurs et Cognition, CNRS URA 2182, Institut Pasteur, 25 rue du Dr Roux, 75724 Cedex 15, Paris, France
U. Maskos, B. E. Molles, S. Pons, M. Besson, A. Evrard, A. Cormier, M. Mameli-Engvall, I. Cloëz-Tayarani, P. Faure, S. Granon & J.-P. Changeux

	Laboratoire de Neuropharmacologie EA3544, Faculté de Pharmacie, Université Paris-Sud, 92296, Châtenay-Malabry Cedex, France
M. Besson, B. P. Guiard, J.-P. Guilloux & A. M. Gardier

	Laboratoire de Neurosciences Cognitives, CNRS UMR 5106, Université de Bordeaux-I, Avenue des Facultés, 33405, Talence Cedex, France
P. Cazala & V. David

	Laboratoire de Génétique Moléculaire de la Neurotransmission et des Processus Neurodégéneratifs (LGN), CNRS-UMR 7091, Hôpital de la Pitié-Salpêtrière, 83 Boulevard de l'Hôpital, 75013, Paris, France
N. Dufour, A.-P. Bemelmans & J. Mallet


Authors	U. MaskosView author publications
You can also search for this author in
                        PubMed Google Scholar



	B. E. MollesView author publications
You can also search for this author in
                        PubMed Google Scholar



	S. PonsView author publications
You can also search for this author in
                        PubMed Google Scholar



	M. BessonView author publications
You can also search for this author in
                        PubMed Google Scholar



	B. P. GuiardView author publications
You can also search for this author in
                        PubMed Google Scholar



	J.-P. GuillouxView author publications
You can also search for this author in
                        PubMed Google Scholar



	A. EvrardView author publications
You can also search for this author in
                        PubMed Google Scholar



	P. CazalaView author publications
You can also search for this author in
                        PubMed Google Scholar



	A. CormierView author publications
You can also search for this author in
                        PubMed Google Scholar



	M. Mameli-EngvallView author publications
You can also search for this author in
                        PubMed Google Scholar



	N. DufourView author publications
You can also search for this author in
                        PubMed Google Scholar



	I. Cloëz-TayaraniView author publications
You can also search for this author in
                        PubMed Google Scholar



	A.-P. BemelmansView author publications
You can also search for this author in
                        PubMed Google Scholar



	J. MalletView author publications
You can also search for this author in
                        PubMed Google Scholar



	A. M. GardierView author publications
You can also search for this author in
                        PubMed Google Scholar



	V. DavidView author publications
You can also search for this author in
                        PubMed Google Scholar



	P. FaureView author publications
You can also search for this author in
                        PubMed Google Scholar



	S. GranonView author publications
You can also search for this author in
                        PubMed Google Scholar



	J.-P. ChangeuxView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding author
Correspondence to
                J.-P. Changeux.


Ethics declarations

              
                Competing interests

                Reprints and permissions information is available at npg.nature.com/reprintsandpermissions. The authors declare no competing financial interests.

              
            

Supplementary information

Supplementary Methods
Contains detailed information on the lentiviral vector constructed and all analysis methods used in the study, and Supplementary Figures S1-S6 (DOC 2407 kb)


Supplementary Figure S7
Anxiety measures of WT and KO mice (PDF 26 kb)


Supplementary Figure S8
Quantitative analysis of exploratory mouse behaviour in the open field (PDF 108 kb)


Supplementary Figure S9
State transitions in the open field behaviour (PDF 20 kb)





Rights and permissions
Reprints and permissions


About this article
Cite this article
Maskos, U., Molles, B., Pons, S. et al. Nicotine reinforcement and cognition restored by targeted expression of nicotinic receptors.
                    Nature 436, 103–107 (2005). https://doi.org/10.1038/nature03694
Download citation
	Received: 25 January 2005

	Accepted: 28 April 2005

	Issue Date: 07 July 2005

	DOI: https://doi.org/10.1038/nature03694


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Impact of the gut microbiome on nicotine’s motivational effects and glial cells in the ventral tegmental area in male mice
                                    
                                

                            
                                
                                    	Alina Lakosa
	Anaïs Rahimian
	Morgane Besson


                                
                                Neuropsychopharmacology (2023)

                            
	
                            
                                
                                    
                                        Intrinsic dopamine and acetylcholine dynamics in the striatum of mice
                                    
                                

                            
                                
                                    	Anne C. Krok
	Marta Maltese
	Nicolas X. Tritsch


                                
                                Nature (2023)

                            
	
                            
                                
                                    
                                        Elucidating the reinforcing effects of nicotine: a tribute to Nadia Chaudhri
                                    
                                

                            
                                
                                    	Alan F. Sved
	Anthony R. Caggiula
	Eric C. Donny


                                
                                Psychopharmacology (2023)

                            
	
                            
                                
                                    
                                        Generation of nanobodies acting as silent and positive allosteric modulators of the α7 nicotinic acetylcholine receptor
                                    
                                

                            
                                
                                    	Qimeng Li
	Ákos Nemecz
	Pierre-Jean Corringer


                                
                                Cellular and Molecular Life Sciences (2023)

                            
	
                            
                                
                                    
                                        Activation of mesocorticolimbic dopamine projections initiates cue-induced reinstatement of reward seeking in mice
                                    
                                

                            
                                
                                    	Man-yi Jing
	Xiao-yan Ding
	Rui Song


                                
                                Acta Pharmacologica Sinica (2022)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
The two sides of nicotine
The bad news, nicotine addiction has caused the deaths of millions from smoking-related diseases. The good news, nicotine can enhance cognitive performance. In an attempt to disentangle the brain networks that mediate nicotine reward and relevant cognitive functions, Maskos et al. have developed an injectable lentiviral vector that delivers functional nicotinic acetylcholine receptors to defined regions of the mouse brain. The technique was used to generate mice that express nicotinic receptors exclusively in the midbrain ventral tegmental area, the VTA, which contains dopamine reward neurons and is associated with the response to drugs of abuse. The experiment showed that these receptors in the VTA are sufficient for all behavioural and physiological phenomena associated with nicotine dependence. And they are also involved in the higher brain or ‘cognitive’ functions in the mouse. Nicotine's ‘good’ and ‘bad’ sides are, it seems, intimately entangled and originate from a phylogenetically ancient part of the brain.
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