
 

 
 
NEW ANIMAL MODELS TO EVALUATE THERAPEUTIC 

TARGETS FOR PAIN, COGNITIVE AND EATING 

DISORDERS 

A thesis presented by S.Andreea Bura in partial fulfilment of the 

requirements for the degree of Doctor of Philosophy 

in Biomedicine at the Department of Experimental and Health Sciences, 

Faculty of Health and Life Sciences 

Universitat Pompeu Fabra 

 

Thesis director: Prof. Rafael Maldonado López, 

Universitat Pompeu Fabra 

 

 

Barcelona, 2010 

 

 

 



 ii

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 iii

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                                     Pentru Mircea si Dica, 

                                                                            pentru parintii mei 
 
 
 
 
 
 
 
 
 
 
 
 
 



 iv

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 v

Acknowledgements 
 
It is said that “Acknowledgements” is the most widely read chapter in a thesis, because 
there always are so many people that deserve  gratitude, and that is why, I would like to 
thank you, who reads these lines. All these years while writing this thesis I learned so 
much! Apart from the scientific knowledge I accumulated, I think I’ve learned first of 
all how to live far from home, from family and friends but at the same time I’ve learned 
that it is possible to call a place elsewhere –HOME. All these would not have been 
possible without the wonderful people I’ve always had around me or in my soul. 
 
 
I first of all would like to thank my tutor, Rafael Maldonado, to whom I am grateful that 
he trusted me and gave me the opportunity to become part of his research group, for his 
unique capacity of being able to find the ideal solution for any problem. I also thank 
you, Rafa, that you allow me to borrow your characters and use them on the cover of 
this thesis!  
 
I thank all people from Neuropharm 
 
Miguel Ángel, for your work energy, diplomacy and force you use on our behalf. 
 
For “el grupo técnico”: Dulce, the two Cristinas, Neus, Raquel, Roberto, Marta, Alicia, 
Ismael. Also for Maria and Begonia. Without your help it would have probably last 
some years more until I had finished my thesis! You are the best!  
 
For the soul of this laboratory, the predocs: Emma, Ainhoa, Aurelijus, Thomas, Juliana, 
Xevi, Arnau, Laura, Xavi, Africa, Marta. You have always treated me so nicely, 
deserving or not, you have always given me so much energy (that is may be because 
you knew I was the “oldest” of you and I needed it). You are my comrades, my friends 
and so very often, my family. You are so special so that I can write another thesis about 
your qualities! Carmen, you have to know that you are my little sister I have never had!  
 
 
For those that are already postdocs: Miguel, Elena, Javi, Jose, thank you for your 
friendship and companionship. Javi, thank you for the cover of this thesis. I think you 
could win a fortune if you put your artistic sense into value! 
 
To the seniours: Fernando, Andres, Blanca, Pato, because you have always had time to 
give me a helping hand when I was in need.  
 
I also thank those that have once been predocs in Neuropharm: Ester, Anna, Lupe, 
Clara, Lola, and to those postdocs, Murtra, Flavia, Vicky, Ferran. Ester, I hope one day 
our plan will come true! Graciela, thank you for guiding my first steps into science! 
 
Gracias Chelo y Carmen por cuidarme siempre. 
 
I thank all members of Neurobiología del Comportament 
 
Thank you Olga for the help you gave me throughout this thesis. Neus, Clara, Jessica, 
Maria Angela, you have always been amiable and we found together solutions to all 



 vi

problems. I thank especially you, Neus that you had so much patience to listen to me 
every time I needed! 
 
Outside the laboratory there are also so many people whom I love and to whom I am so 
grateful! 
 
My dearest Vane! I remember the day when you set by me at the doctoral courses and 
you introduced yourself and then you asked my name! That moment I felt I knew you 
for a life time! Thank you for being always near!  
 
Ivan, Nico, Marta Tschon you are special and that is why I love you so much! 
 
To Adela my dearest and life-long friend, I could dedicate hundreds of pages! It is so 
much important to know that somebody, somewhere is laughing, is crying, is taking 
decisions, is working together with you, along side with you. I know you suffered 
together with me so that this thesis became finalized! Thank you for the way you keep 
our friendship unique!  
 
Familiei mele, pentru sprijinul neconditionat pe care mi l-a acordat mereu. Tata, tie 
pentru ca ai stiut sa imi trasmiti mereu optimismul tau si ca m-ai invatat ca la orice 
problema se poate gasi o solutie! Mama... nu sunt destule superlative ca sa iti 
multumesc! Mereu m-ai facut sa te simt atat de aproape chiar daca in realitate suntem 
atat de departe! Dica ..la tine m-am blocat! Esti cea mai speciala persoana din viata mea 
si te iubesc enorm! 
 
To my cousins Bogdan and Andrea, the support I found in you was like a key point and 
with you the start of this thesis was much easier!  
 
Tibi si Mariana, va multumesc pentru tot ajutorul acordat in acesti ani, pentru ca ati stiut 
cum sa ma incurajati de fiecare data cand eram in impas. 
 
Parintilor lui Mircea, socrilor mei, “multumesc pentru tot”. 
 
To you, Mircea, to you, Dica and to my parents I dedicate this thesis. Mircea, your 
unconditioned love, your way of being always gave me the energy to go on. I thank you 
for your understanding me the so many times I put this thesis beyond us!  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 vii

Abstract  

Animal models are crucial to improve the knowledge of the mechanisms underlying the 

different pathological processes. These models are also excellent tools to facilitate the 

research of new targets for the treatment of different diseases and to evaluate the 

benefit/risk ratio of the potential new treatments. We have focussed this research work 

in the study of a new potential targets for pain, cognitive and eating disorders using new 

animal models developed in our laboratory. We first investigated the effects of the 

interaction between cannabinoids and nicotine on cognitive processes and metabolism 

using different behavioural models and new experimental devices. In a second part of 

this work, we investigated new therapeutic targets for neuropathic pain and for this 

purpose we developed a new behavioural model to improve the study of the therapeutic 

potential and possible side-effects of novel compounds.  

 
Resumen 

 

Los modelos animales son cruciales para mejorar el conocimiento sobre los mecanismos 

que constituyen la base de los diversos procesos patológicos. Estos modelos representan 

también excelentes herramientas para facilitar la investigación de nuevas dianas para el 

tratamiento de estas enfermedades y para evaluar el cociente beneficio/riesgo de los 

nuevos tratamientos potenciales. Este trabajo de investigación se encuentra centrado en 

el estudio de nuevos dianas terapéuticas para el dolor, los procesos cognitivos y los 

desórdenes alimentarios utilizando nuevos modelos animales desarrollados en nuestro 

laboratorio. En primer lugar, hemos investigado los efectos de la interacción entre los 

cannabinoinoides y la nicotina a nivel los procesos cognitivos y del metabolismo 

usando diversos modelos comportamentales y nuevos dispositivos experimentales. En 

una segunda parte de este trabajo, hemos estudiado nuevas dianas terapéuticas para el 

dolor neuropático y hemos desarrollado para este propósito un nuevo modelo 

comportamental que permite evaluar el potencial terapéutico y los posibles efectos 

secundarios de nuevos compuestos.  
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1. Nicotine and cannabinoids are consumed in 

combination and produce common effects 

 
Drug abuse and dependence, and their consequences represent an 

important worldwide social and health problem. In Spain, cannabis is the 

most used illicit drug, particularly in teenagers and young adults. This 

drug is consumed alone or in combination with alcohol or tobacco. 

Hashish is the most common used form of cannabis in Spain and it is 

always mixed with tobacco. Nicotine is the main psychoactive component 

of tobacco and is a highly addictive substance (Bruijnzeel and Gold 2005; 

Castañé et al. 2005; Cohen et al. 2005). Both cannabis and nicotine 

consumption can affect similar brain and peripheral physiological 

functions. Learning and memory impairments are among the most 

commonly reported acute behavioural side-effects of cannabinoids. Thus, 

acute consumption of marijuana is associated with several subjective 

effects including impaired memory, altered time sense as well as 

decrements in various tasks such as reaction time, learning perception, 

motor coordination and attention (Ameri 1999; Lichtman et al. 2002; 

Sullivan 2000). In addition, chronic marijuana smoking may cause 

persistent memory and cognitive deficiencies. Otherwise, nicotine has 

been frequently shown to improve performance in tests of sustained 

attention (Levin and Rezvani 2000). However, nicotine withdrawal is 

associated with an impairment of attention (Levin et al. 2006).  

Both nicotine and cannabinoids have important effects on food intake and 

metabolism. Indeed, chronic cigarette smoking influences the body weight 

by decreasing the appetite and/or increasing the metabolic rate (Andersson 

and Arner 2001; Perkins 1992; Winders and Grunberg 1990). 

Nevertheless, smoking cessation is associated with an increase in body 

weight. On the other hand, cannabis also modulates food intake and 
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metabolism. To date, the best established therapeutic applications of 

cannabinoids together with the antiemetic action is the amelioration of 

appetite and weight gain which may provide benefits in patients with 

cancer cachexia or AIDS (Di Marzo V and Matias 2005; Kirkham et al. 

2002), and the treatment of obesity using cannabinoids antagonist (Di, V 

2008). In addition, the activation of cannabinoid receptors produces other 

metabolic effects at the central and peripheral levels.  

Nicotine and cannabinoids have also important effects on nociception. 

Due to the widespread distribution of nicotinic acetylcholine receptors 

(nAChRs), nicotine exerts its antinociceptive effects by acting at both 

central and peripheral levels. Besides, the presence of cannabinoid 

receptors in the different peripheral and central structures involved in the 

transmission of nociceptive messages explains the analgesic properties of 

cannabis. 

In the following chapters, we will focus on the endocannabinoid system 

and nicotine and on their role in the regulation of cognitive functions, 

metabolism and pain. 

 

1.1 Nicotine 
 

Tobacco addiction is one of the most important heath problems with 

major social-economical consequences in developed countries, its 

relevance being now significantly higher in developing countries. 

According to World Health Organisation, more than 1,000 million persons 

smoke tobacco and this phenomenon causes more than 5 million deaths 

per year and, if the present trend continues, 10 million smokers per year 

are predicted to die by 2025 (Hatsukami et al. 2008). Nicotine is the main 

psychoactive compound of tobacco and is the main responsible for its 

addictive properties (Berrendero et al. 2010).  
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1.1.1 General characteristics 

 

Nicotine is named based on the tobacco plant Nicotiana tabacum, which 

in turn is named after Jean Nicot de Villemain, French ambassador in 

Portugal, who sent tobacco and seeds from Brazil to Paris in 1560 and 

promoted their medicinal use. Nicotine was isolated for the first time from 

the tobacco plant in 1828 by the German chemists Posselt and Reimann 

(Figure 1). 

 

 

 

 

 

 

Figure 1 Chemical structure of nicotine (C10H14N2,3-(1-metilpirrolidin-2-il) 

pyridine). (Hohh et al, 2003) 

 

Nicotine is a tertiary amine that has two isomers. Tobacco contains the 

most active pharmacological isomer, the L-nicotine. The absorption of 

this weak base depends of the pH. Thus, nicotine from cigarettes has a pH 

of 5.5 and is absorbed in the lungs in a percentage that varies from 79% to 

90%. It is also absorbed in a small amount through oral mucous, 

sublingual plexus and skin. Nicotine from pipes, cigars, snuffed and 

chewing tobacco has a pH of 8.5 and is absorbed mainly by oral and nasal 

mucous. After absorption in the organism, nicotine is rapidly distributed 

in the peripheral tissues, it takes 10-19 seconds to reach the brain 

(Benowitz 1996) and its half-life is estimated to be in the range of 2-3 

hours. 80% of the drug is metabolized in the liver where it is converted in 

an inactive metabolite, cotinine, the main nicotine inactive metabolite. A 

small percentage (5%) of the drug is excreted through the kidneys. 
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CYP2A6 is the enzyme that is primarily responsible for the oxidation of 
nicotine but other enzymes like CYP2B6, UDP-glucuronosyltransferases 

or FMO3 (Flavin-Containing Monooxygenase 3) are also involved in 

nicotine metabolism (Hukkanen et al. 2005). One important aspect is that 

genetic variations in the enzymes involved in nicotine metabolism can 

profoundly affect the rates of metabolism of this drug, which in turn can 

influence nicotine-taking behaviours (Wall et al. 2007). 

 

1.1.2 Nicotinic receptors, classification, structure and distribution  

The primary targets of nicotine are the nAChRs, which are highly 

conserved across species (Le and Changeux 1999). They are expressed in 

most tissues and organs, including the brain. The endogenous ligand for 

nAChRs is acetylcholine (ACh) (Hogg et al. 2003), and the activation of 

nAChRs mainly enhances neurotransmitter release and neuronal 

excitability throughout the brain. As a result, nAChRs modulate a large 

number of behaviours, ranging from basic physiological functions such as 

pain sensation, sleep pattern and feeding, to more complex processes 

involved in learning, emotional responses and reward (Gotti and Clementi 

2004; Hogg et al. 2003; Hogg and Bertrand 2004; Picciotto et al. 2000; 

Picciotto et al. 2002; Picciotto and Zoli 2002; Wonnacott et al. 2000). 

Moreover, nAChRs affect brain development through their effects on 

synaptic transmission and plasticity (Berg et al. 2006), as well as aging, 

through their neuroprotective effects (Picciotto and Zoli 2002). NAChRs 

have a pentameric structure with different subunits (α, β, γ, δ) organised 

around a central channel and can be homo-or hetero-oligomeric receptors. 

Nowadays, there have been described 10 α subunits (α1-α10), three β 

subunits (β2-β4), one γ subunit and one δ subunit. The possible different 

combinations of these subunits and their extensive location in the 

organism are responsible for the multitude of physiological functions of 
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nAChRs (Gotti and Clementi 2004) (Figure 2). On the basis of their 

different phylogenetic, functional and pharmacological properties, the 

heterogeneous family of nAChR subtypes have been divided into two 

main classes: sensitive to α-bugarotoxin, (αBgtx-nAChRs), which may be 

homomeric (made up of α7–α9 subunit homo-pentamers) or heteromeric 

(made up of α7, α8 or α9, α10 subunit hetero-pentamers) with a low 

affinity for nicotine, and α-bugarotoxin no sensitive nAChRs, which 

contain the α2–α6 and β2–β4 subunits, and only form heteromeric 

receptors that bind with high affinity to nicotine (Lindstrom 1997). 

 

Figure 2: (A–C) Organisation and structure of nAChRs. (A) Schematic 

representation of nAChR subunits. (B) Pentameric arrangement of nAChR 

subunits in an assembled receptor. (C) Subunit arrangement and the localisation 

of the binding site (modified, by Gotti and Clementi, 2004) 

 

The nAChRs are expressed in central nervous system (CNS), autonomic 

nervous system, skeletal muscles, lymphoid tissue, macrophages, skin, 

lung cells, vascular tissue, astrocytes, chromaffin cells of adrenal medulla 

and sensory organs (Gotti et al. 2006). In the CNS, the nAChRs are 

widely expressed and at this level, they are composed exclusively of α (α2-

α10) and β (β2-β4) subunits, forming heteropentameric receptors, or only 
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of α7 subunits creating homopentomeric receptors (Figure 3). These 

receptors are highly expressed in the cortex, hippocampus and subcortical 

limbic regions, and show low levels in the thalamic regions and basal 

ganglia (Gotti et al. 2006). Anatomical and functional evidence suggest 

that nAChRs are preferentially located in the CNS at presynaptic sites 

where they modulate neurotransmitter release, although some few 

nAChRs have also been found on cell bodies or dendrites where they 

mediate postsynaptic effects (Gotti et al. 2006). In particular, presynaptic 

nAChRs have been implicated in the release of several neurotransmitters, 

including ACh (Wilkie et al. 1993) noradrenaline (NA) (Clarke and 

Reuben 1996) dopamine (DA) (Grady et al. 1992; Wonnacott et al. 2000), 

glutamate (Alkondon et al. 1997; McGehee and Role 1995), and γ-

aminobutyric acid (GABA) (Yang et al. 1996).  
 

 

Figure 3: Regional distribution and subunit organization of the nAChRs in the 

CNS of rodents (modified, Gotti et al, 2006) 
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Functionally, the different nAChR subtypes can exist in four distinct 

conformations: resting, open, desensitised and inactive channel states 

(Gotti and Clementi 2004). In general, nAChRs are found in a closed 

(resting) state before agonist arrives. They remain briefly in an open state 

when the agonist binds the receptor, and while the channel is conducting 

cations during this state. Immediatly after the open state, nAChRs are in 

desensitized or inactive states while unresponsive to agonist. The 

likelihood of being in a particular state depends on many factors, 

including the nAChR subtype, the agonist concentration, and the rate of 

agonist application. For instance, rapid pulse of agonists causes 

synchronized activation of nAChRs followed by inactive state whereas 

long-term exposure to an agonist causes desensitization, loss of functional 

response, followed by a long-lasting inactive state of the nAChRs (Dani 

and Heinemann 1996). A slow application of a low agonist concentration 

can cause desensitization without activation because the desensitized 

receptor has a higher affinity for agonists than the resting or open receptor 

(Dani and Heinemann 1996). The higher affinity of the desensitized 

receptor for agonists and the changing distribution of nAChRs among the 

various functional states must be considered to understand the processes 

that occur during sustained nicotine use (Dani and Heinemann 1996). 

 

1.1.3 Pharmacological effects of nicotine  

 

Due to the wide distribution of nAChRs receptors, nicotine produces a 

large range of pharmacological effects including tachycardia, peripheral 

vasoconstriction, hypertension and activation/inhibition of CNS among 

other effects. Table 1 resumes the main pharmacological effects of 

nicotine. In the next paragraphs, we will focus on the effects induced by 

nicotine in memory and cognition, food intake and energy balance, and 

pain.  
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Table 1 Pharmacological effects of nicotine 

 

 

1.1.3.1 Nicotine and cognitive processes 

 

The effects of nicotine on learning and memory have been recognized for 

several decades (Levin et al. 2006; Rezvani and Levin 2001; Stolerman et 

al. 2000). Cognitive improvement induced by nicotine and nicotinic 

agonists has been documented in rats (Levin et al. 1997), rabbits 

(Woodruff-Pak 2003), monkeys (Buccafusco et al. 1999), mice (Picciotto 

et al. 1995), zebra fishes (Levin and Chen 2004) and also in humans 

(Levin et al. 2006). The different cognitive models available in animals 

allow the evaluation of working and reference memory. Working memory 

is defined as memory with changing contents, as opposed to reference 

memory, which is defined as memory with fixed contents (Decker et al. 

1995; Levin and Simon 1998). Acute and chronic treatment with nicotine 

or nicotine agonists, such as dimethylaminoethanol, epibatidine, ABT-

418, TC-1734 and lobeline have been shown to significantly improve 

working memory function in several models in rodents (Levin et al. 

2006). Thus, a single dose of nicotine significantly improved working 

memory in rats in the eight-arm maze(Levin et al. 1997). Another task for 
assessing working memory is the object recognition paradigm. In this 

Physiological and pathologycal Recent reviews
processes 

Levin et al, 2000; Young et al 2004 
Shoaib and Bizzaro , 2005, Levin et al, 2006 2. Food intake Decrease/increase (withdrawal)  

3. Pain Antinociception Flores, 2000
4. Motor control Hypo/ Hyperlocomotion Yoo et al, 2004, Picciotto , 2003 
5. Anxiety Anxyogenesis, anxyolisis Balerio et al, 2005

Euphoria Pormeleu C, et al 1992
Hypothermia Zarrindast et al, 2001
Antiinflamatory Kalra R et al, 2004

9. Neurodegeneration Neuroprotection Gotti and Clementi , 2004
10. Immune system Immunosuppresant Kalra R et al, 2004
11. Cardiovascular system Wang et al, 2001

Arousal, rapid eye movement sleep Lena et al, 2004
Tachycardia, hypertension,

Effects of nicotine  

Improve memory and attention
Attention impairments during wihdrawal

12. Sleep 

6. Motivation 

8. Inflamation 

1. Learning and memory 

7. Corporal temperature

processes 

Decrease/increase (withdrawal)  
3. Pain 

5. Anxiety 

et al, 2001

9. 
10.   

Arousal, rapid eye movement sleep 12. Sleep 

6. Motivation 

8. Inflamation 
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model, rodents are able to discriminate between a familiar object and a 

new object for a short period of time after initial presentation of the 

familiar object. Acute nicotine administration enhanced acquisition, 

consolidation, and restitution of the information in the object recognition 

task in rats (Puma et al. 1999). Chronic treatment with nicotine agonists 

has also been shown to improve memory performance in other memory 

tasks such as the Morris water maze (Attaway et al. 1999), one-way 

avoidance, Lashley III maze (Arendash et al. 1995) and passive avoidance 

task (Ciamei et al. 2001). Thus, chronic nicotine improved working but 

not reference memory in the Morris water maze. Chronic nicotine 

pretreatment induced an enhancement in overall learning and reference 

memory, but did not affect working memory in the 17-arm radial maze 

(Arendash et al. 1995) and improved acquisition in the active avoidance 

and the Lashley III maze (Arendash et al. 1995). The Lashley III maze 

consists of a start box, four interconnected alleys, and a goal box 

containing a food reward and the animals placed in the start compartment 

are allowed to traverse the maze to obtain a food pellet located in the goal 

box. 

Nicotine can also counteract working memory deficits induced by lesions 

of the forebrain cholinergic projection systems in the water maze task, 

(Decker and Majchrzak 1992; Decker et al. 1992; Grigoryan et al. 1994; 

Riekkinen, Jr. et al. 1993) and both working and reference memory in the 

radial maze task (Hodges, H et al. 1992). Furthermore, chronic nicotine 

infusion has been shown to reverse working memory deficits due to 

lesions of the fimbria or medial basal cortical projection (Levin et al. 

1993). In rats, learning impairments caused by AF64A, a neurotoxic 

derivative of choline that produces long-lasting cholinergic deficits, were 

attenuated by nicotine in the passive avoidance (Hiramatsu et al. 2002). In 

addition, the deficits caused by the muscarinic cholinergic antagonist 

scopolamine in the passive avoidance paradigm were decreased by oral 
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administration of the nicotinic agonist TC-1734 (Gatto et al. 2004). In the 

eye-blink conditioning, a classical test for associative learning and 

memory evaluation, nicotine and GTS-21 α7 nicotinic receptor partial 

agonist and α4β2 nicotinic receptors antagonist reversed mecamylamine-

induced deficits in rabbits (Woodruff-Pak 2003). 

Studies evaluating the effects of nicotine on working memory and 

learning in young versus old animals provided a mixed picture of age-

related effects. In young rats, nicotine improved the cognitive acquisition 

in the Morris water maze procedure which suggests an improvement in 

working memory. However, no beneficial effects of nicotine in reference 

memory were found in either age group (Attaway et al. 1999). In contrast 

with these findings, the nicotine agonist, SIB-1553A, improved 

performances in working memory in a delayed matching to sample task in 

aged mice, but was less effective in improving the performance in 

reference memory tasks (Bontempi et al. 2001). 

In spite of these studies showing positive effects of nicotine in learning 

and memory, some few animal studies did not show cognitive 

improvement after nicotine administration or found the opposite effect. 

Thus, it has been reported that acute administration of nicotine did not 

improve the cognitive acquisition in the water maze in group-housed mice 

and even impaired it in individually housed mice (Moragrega et al. 2003), 

whereas chronic administration of nicotine in NMRI mice did not 

significantly change performance in the water maze tested at any age 

(Vicens et al. 2003).  

Specific nAChRs subunits are responsible for the modulation of cognitive 

processes as revealed by studies using knockout mice. These studies have 

demonstrated that the receptors composed by α4β2 subunit combinations 

and by α7 subunit are specifically involved in the regulation of memory 

(Levin et al. 2006) and attention (Wilens and Decker 2007). Besides, the 

β2 subunit of nAChRs has been selectively involved in neuronal survival 
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and in the maintenance of cognitive performance during aging (Gotti et al. 

2006). In addition, the α7 subunit has been correlated with attention deficit 

from schizophrenia (Freedman et al. 1995; Leonard et al. 1998; Young et 

al. 2007). Thus, patients with schizophrenia have an impaired ability for 

sensory gating that may result in the flooding of information and it has 

been shown that smoking improves sensory gating in overnight abstinent 

smokers with schizophrenia. These improvements in auditory sensory 

gating may result from stimulation of α7 nicotinic receptors by nicotine, 

as altered number and function of α7 nicotinic receptor were related to 

schizophrenia (Court et al. 1999; Guan et al. 1999). 

The effects of nicotine on cognitive processes have also been investigated 

in other animal species, different from rodents including pigeons, zebra 

fish and monkeys. Thus, low doses of nicotine improved memory 

performance in zebrafish, while high doses produced the opposite effect 

(Levin and Chen 2004). In monkeys, nicotine and GTS-21 reversed the 

working memory impairment induced by ketamine in the delayed 

matching-to-sample task (Buccafusco and Terry, Jr. 2009). In contrast 

with these data, nicotine decreased accuracy in two models of sustained 

attention in pigeons (Lemmonds et al. 2002). 

In humans, the effects of nicotine on memory performance have been 

evaluated in both smokers and non-smokers. It has been proposed that 

nicotine may enhance performance on tasks requiring primarily left 

hemisphere resources while impairing right hemisphere-based 

performance (McClernon et al. 2003). The effects of transdermal nicotine 

administration on lateralized consonant identification and memory 

interference were examined in dependent smokers and non-smokers in a 

double-blind, placebo-controlled study (McClernon et al. 2003). In this 

study a lateralized cognitive task was used, in which subjects had to 

complete a lateralized letter identification task that required them to 

identify strings of three consonants presented in the left or right visual 
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field while keeping a word in memory. Nicotine decreased word memory 

errors on trials where consonants were presented in the right visual field 

and increased errors on lefts visual field. These findings suggest that 

nicotine may enhance working memory by decreasing distractibility and 

that the effects of nicotine on cognition may be lateralized. A recent study, 

suggests also that acute nicotine administration may exert direct beneficial 

effects on novelty detection and subsequent memory recognition in both 

smokers and nonsmokers (Froeliger et al. 2009). All these studies 

underline the important effects induced by nicotine in memory and 

learning processes in both experimental animals and humans. 

The stimulation of nAChRs has also other behavioural effects that can be 

related to the improvement of learning and memory. Indeed, nicotine and 

nAChRs agonists have been reported to improve attentional function in 

both animals and humans (Rezvani and Levin 2001). Thus, a low-dose 

range of nicotine improves attention in an operant visual signal detection 

task in rats, as reflected in the increase in choice accuracy (Rezvani et al. 

2002). This effect was blocked by the nAChRs antagonist mecamylamine 

(Rezvani et al. 2002). Mecamylamine significantly antagonised the effects 

of nicotine on correct response latency and on anticipatory responses in 

the five-choice serial reaction time task (Grottick and Higgins 2000; 

Mirza and Stolerman 1998), while the nicotine agonists ABT-418 and 

SIB-1553A improved the correct responses in the same task (Terry, Jr. et 

al. 2002). This task is used to assess both selective and sustained attention 

and requires that the rat responds with a nose-poke following the 

presentation of a brief visual stimulus in one of five locations (Blondel et 

al. 2000). In addition, nicotine reversed also attentional impairments in 

rats caused by basal forebrain or septohippocampal pathways lesions 

(Levin et al. 1993; Mirza and Stolerman 1998; Stolerman et al. 2000). 

Several studies have also revealed an improvement of attentional function 

in humans after nicotine administration. Thus, nicotine given in 
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transdermally patches improved attention in non-smoking subjects who 

had no preexisting attentional deficits (Levin et al. 2006). Subcutaneous 

nicotine administration improved also both working memory and attention 

in non-smoking healthy volunteers, as revealed in a functional magnetic 

resonance imaging study (Kumari et al. 2003). In addition, young female 

smokers manifest poorer performance than non-smokers on attention-

related tasks (Greenbaum et al. 2009). Controlled nicotine administration 

in the smoker group had stronger short-term facilitating effects on 

attention in women then in men. In this study women had higher number 

of attention deficit symptoms and consumed more nicotine and caffeine 

(Rigbi et al. 2010). 

It is well recognised that the most common behavioural symptoms that 

appear after smoking cessation are emotional dysregulation and cognitive 

deficits (Hughes 2007; Ward et al. 2001). Nicotine was able to ameliorate 

the attention deficit that occurs in smokers who abstained from smoking 

for at least 10 h prior to testing (Mancuso et al. 1999) and varenicline, a 

partial agonist of the α4β2 nAChRs, improved mood and cognition during 

smoking abstinence (Patterson et al. 2009). Nicotine has also been shown 

to improve the detrimental effects of cigarette abstinence in basic aspects 

of cognition (e.g., sustained attention), but may not alleviate higher-level 

processes such as memory (Kelemen and Fulton 2008).  

Another cognitive aspect that deserves a special attention is the potential 

effect of nicotine and the involvement of nAChRs in Alzheimer’s disease. 

Postmortem assessment of the brains of patients with Alzheimer’s disease  

has shown significant nAChRs loss in cortex and striatum (Court et al. 

2001) and this loss appears to be less intense in smokers than non-smokers 

with the Alzheimer’s disease (Hellstrom-Lindahl et al. 2004). Postmortem 

evidence also shows lesser plaque formation in smokers than non-smokers 

with Alzheimer’s disease (Hellstrom-Lindahl et al. 2004). Acute and 

chronic nicotine or nicotine agonists administration in Alzheimer’s 
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disease patients has been reported to enhance attention function, but not 

memory performance (Levin et al. 2006). However, another study has 

reported that transdermal nicotine improved the acquisition of information 

in Alzheimer’s disease patients (Wilson et al. 1995). It is important to 

underline that the most widely used treatments for Alzheimer’s disease at 

the present moment are anticholinesterase inhibitors, which increase brain 

levels of choline and indirectly stimulate all the cholinergic receptors, 

including nAChRs. Nevertheless, there are at least four studies that have 

not found evidence of improvement of memory function by nicotine 

administration in Alzheimer’s disease patients (Snaedal et al. 1996; White 

and Levin 1999; Wilson et al. 1995). All these data suggest that the 

nAChRs could represent interesting targets in the treatment of pathologies 

related with memory, learning and attention deficits.  

 

1.1.3.2 Nicotine in food intake and energy balance 

 

It is well known that nicotine reduces appetite and alters feeding patterns 

typically resulting in reduced body weight after chronic exposure 

(Chiolero et al. 2008; Grunberg 1986; Grunberg et al. 1986; Miyata et al. 

1999). The effects of chronic nicotine administration on appetite 

suppression and body weight have been described in both humans and 

laboratory animals (Jo et al. 2002).  

Feeding behaviour gathers complex peripheral and central mechanisms in 

which the nAchRs are involved. Peripheral tissues implicated in the 

regulation of food intake receive inputs from sympathetic and/or para-

sympathetic neurons that are controlled by cholinergic transmission. All 

the autonomic neurons, as well as many enteric, and even a subset of 

sensory neurons express a variety of nAChRs that are activated by 

nicotine (Cooper 2001; De et al. 2000; Picciotto et al. 1995). Therefore, 

the anorexigenic effects of nicotine can be partly mediated by the 
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activation of peripheral neuronal components of visceral-sensory and 

visceral-motor pathways involved in the regulation of feeding.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. Possible sites of nicotine effects on feeding behaviour (adapted from Jo 
et al 2002). The brain receives a multitude of signals from the periphery reporting 
on adequacy of food intake and energy balance. These include humoral signals 
(red ribbon arrow) such as hormones and cytokines (leptin, TNFα, insulin, 
cholescystokinin, norepinephrine) and metabolites (glucose and fatty acids) as 
well as neural signals (green ribbon arrow). Within the hypothalamus (HYP) and 
the nucleus of the tractus solitarius (NTS) this information is integrated and 
transmitted to multiple brain regions (dark blue arrows), and the appropriate 
behaviour is elicited. In addition to these central responses, the PNS (light blue) 
neurons including sympathetic, parasympathetic, and enteric, innervate the 
gastrointestinal tract, adipose depots, and endocrine organs. Possible sites at 
which nicotine might modify feeding behaviour or energy balance are indicated 
with stars. A number of non-neural tissues express nAChRs, and could respond 
directly to nicotine. In the CNS, nicotine could act within the hypothalamus, the 
NTS, and in the regions throughout the neuroaxis to which these structures 
project (mPFC, medial septal, and basal forebrain nuclei; VTA, ventral tegmental 
area; NTS, nucleus tractus solitarius; PBr, parabrachial nucleus; VLM, 
ventrolateral medullary nucleus; CrN, cranial nerve nuclei; VISC. SENS and 
VISC MTR, visceral sensory and motor neurons; NE, norephnephrine, ENT, N's, 
enteric neurons; CCK, cholecystokinin; FAs, fatty acids). 
 

In addition to the direct alteration of neuronal excitability, nicotine also 

modulates the release of several neurotransmitters in the vegetative 

system. Thus, it enhances the release of both ACh and norepinephrine by 
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acting on presynaptic nAChRs increasing the sympathetic activity and 

enhancing therefore the energy expenditure (Bray 2000). In the same line, 

nicotine administration increases sympathetic activity in liver, adipose 

tissue and gut (Bray 2000), and alters at this level metabolic processing in 

hepatocytes and adipocytes (Arai et al. 2001; Ashakumary and 

Vijayammal 1997; Sztalryd et al. 1996). In the adipose tissue, nicotine 

induces lipolysis by the stimulation of both nAChRs and beta-

adrenoceptors located on the fat cell via catecholamine release (Andersson 

and Arner 2001) (Figure 4). In the liver, nicotine increases the synthesis 

and secretion of triglyceride-rich lipoproteins (Ashakumary and 

Vijayammal 1997). Nicotine also decreases feeding by increasing leptin 

levels and/or by enhancing the leptin–receptor-mediated signaling 

cascade. Leptin is a peptide hormone produced mainly by adipose tissue 

that decreases appetite and increases energy expenditure.  

Besides these peripheral responses, the CNS also plays an important role 

in the effects of nicotine on food intake and metabolism. Thus, a crucial 

control site for the anorectic effects of nicotine is the hypothalamus. 

NAChRs, mainly α7 and α/β containing subunits, are detected throughout 

the hypothalamus (Britto et al. 1992; Hatton and Yang 2002; O'Hara et al. 

1998; Okuda et al. 1993; Pabreza et al. 1991). The lateral hypothalamus is 

considered an important site of nicotine induced appetite suppression. 

Thus, nicotine administration into the LH decreased food intake (Miyata 

et al. 1999; Miyata et al. 2001; Yang et al. 1999) and produced both 

short- and long-term changes in the release of a variety of transmitters (Li 

et al. 2001; Meguid et al. 2000a; Miyata et al. 1999; Zhang et al. 2001). 

In particular, the hypophagic effect of nicotine was associated with 

increased serotonin (5-HT) and DA activity in lateral hypothalamus, 

whereas hyperphagia after nicotine cessation was accompanied by 

decreased concentrations of these neurotransmitters (Meguid et al. 2000b; 

Miyata et al. 1999). Moreover, nicotine enhances GABA release and 
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potentiates glutamatergic activity within the lateral hypothalamus (Jo et 

al. 2005b). Nicotine also modulates the release of orexin and other 

orexigenic neuropeptides in the hypothalamus, such as neuropeptide Y 

and melanin-concentrating hormone (Frankish et al. 1995; Jo et al. 2005b; 

Frankish et al. 1995). Neuropeptide Y is highly concentrated in the 

hypothalamus and melanin-concentrating hormone is uniquely expressed 

in lateral hypothalamus neurons. Nicotine administration decreases NPY 

and NPY mRNA levels in the arcuate nucleus by 35%, which also 

correlates with the reduction of food intake (Frankish et al. 1995). 

Nicotine administration or elevated cholinergic tone decreases the activity 

of melanin-concentrating hormone neurons via activation of presynaptic 

α7-nAChRs (Jo et al. 2005b).  

Therefore, the effects of nicotine in the regulation of appetite have been 

well described in the literature. However, the underling mechanisms 

implicated in these responses remain to be elucidated and further studies 

are necessary to clarify these neurobiological mechanisms. 

 

1.1.3.3. Nicotine and pain 

 

Both clinical and preclinical studies have shown that nicotine induces 

antinociceptive effects in several experimental conditions (Arneric et al. 

2007; Flores 2000; Pomerleau et al. 1984). In animals, nicotine and other 

nAChRs agonists induce antinociceptive effects in several models of 

acute, inflammatory and neuropathic pain (Berrendero et al. 2002; 

Castañé et al. 2002; Cohen et al. 2005; Flores 2000) Studies conducted in 

humans have shown that the pain threshold and tolerance pain ratings 

were increased after smoking and transdermal administration of nicotine 

(Girdler et al. 2005; Pauli et al. 1993; Pomerleau et al. 1984). 

Nicotine exerts its antinociceptive effects by acting at both central and 

peripheral levels. At the peripheral level, nAChRs are located in the 
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nociceptive terminals and dorsal root ganglion (DRG) neurons of 

peripheral C fibers (Genzen et al. 2001; Young et al. 2008). At the spinal 

level, both the interneurons of substantia gelatinosa (layers II-III) and the 

inhibitory/excitatory neurons from the ventral layers, express nAChRs 

(Cordero-Erausquin et al. 2000; Rashid et al. 2006). At the supraspinal 

level, the nAChRs are found in areas involved in the integration and 

transmission of pain, such as thalamus, amygdala, hypothalamus and 

cortex. Moreover, neurons of structures that belong to the descending pain 

inhibitory system, such as pedunculopontine tegmental nucleus, rafe 

magnus nucleus and locus coeruleus, also express nAChRs (Gotti et al. 

2006) that modulate the activity of other neurotransmitter systems such as 

noradrenergic, GABAergic, serotoninergic, opioid and endocannabinoid 

systems (Berrendero et al. 2002; Cordero-Erausquin et al. 2004; Decker et 

al. 2004; Iwamoto and Marion 1993; Jafari et al. 2007; Rashid et al. 

2006). In this sense, several neurotransmitters have been involved in the 

antinociceptive effects of nicotine. Thus, the stimulation of the spinal 

norepinephrine release through the activation of nAChRs in the 

noradrenergic terminals has been involved in these antinociceptive effects 

(Li and Eisenach 2002). In addition, nicotine enhances the level of 

endogenous opioid peptides derived from preproenkephalin through 

nAChRs activation, which participates in spinal and supraspinal nicotine 

antinociception by stimulating μ opioid receptors (Maldonado and 

Berrendero 2010). A tonic nicotinic modulation of 5-HT release has also 

been demonstrated, that provides an additional argument to support that 

cholinergic nicotinic transmission participates in the physiological 

regulation of descending serotoninergic pathways (Cordero-Erausquin and 

Changeux 2001; Mason 1999). Another system that has been recently 

demonstrated to play an important role in the modulation of nicotine-

induced antinocipetive effects is the endocannabinoid system (Castañé et 

al. 2002; Jafari et al. 2007). 
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Among the different nAChRs subunits, α4 seems to play a crucial role in 

nicotine antinociceptive effects. Indeed, lesion of 5-HT-containing 

neurons from rafe magnus nucleus resulted in a decrease of α4 subunit and 

in a subsequent reduction of nicotine antinociception (Bitner et al. 1998). 

In the same direction, studies using knockout mice deficient of α4 subunit 

have shown that nicotine antinociception was blocked in these mutants 

(Marubio et al. 1999). Studies using β2 subunit knockout mice proved that 

this subunit also participates in the antinociceptive effects of nicotine 

(Marubio et al. 1999). Hence, it seems that the combination of α4β2 

subunits plays a crucial role in the mediation of nicotine-induced 

antinociception. 

In humans, nicotine from smoking or transdermic parches increased the 

pain threshold and tolerance pain ratings (Girdler et al. 2005; Jamner et al. 

1998; Pauli et al. 1993; Pomerleau et al. 1984). On the other hand, 

smokers endure better the pain compared with those smoking a nicotine-

free cigarette (Pomerleau et al. 1984). However, it has been shown that 

gender plays an important role in the effects of smoking on nociception. 

Thus, smoking was associated in women with decreased pain sensitivity 

to ischemic pain, while male smokers had decreased pain sensitivity to 

cold pressor pain. Nevertheles, smoking did not influence pain perception 

for either gender in response to thermal heat pain (Girdler et al. 2005).  

The possible effects of nicotine administration on neuropathic pain are of 

a particular interest. A higher incidence of smoking is often reported in 

patients with chronic pain conditions (Goldberg et al. 2000). Thus, 

clinical data support a correlation between the incidence of smoking and 

the incidence of diabetic neuropathy (Mitchell et al. 1990; Muhlhauser et 

al. 1986), but the relationship between nicotine intake and the severity of 

other neuropathic pain conditions is less clear. When tested directly, pain 

thresholds are increased immediately after smoking (Fertig and Allen 

1996). However, the improvement of symptoms of cold intolerance 
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following peripheral nerve injury appeared more likely in non-smokers 

than smokers (Irwin et al. 1997) 

Preclinical data also gather contradictory evidence regarding the 

relationship between nicotine and neuropathic pain. Thus, chronic nicotine 

administration increased mechanical sensitivity to pressure in both normal 

and nerve-injured rats in a spinal nerve ligation model of neuropathic pain 

via the prolonged desensitization of α4β2 nAChRs. The degree of 

mechanical hypersensitivity was reflected in the spinal cord of these 

chronic nicotine treated rats, by an enhancement of CREB 

phosphorylation (Josiah and Vincler 2006). In contrast, intrathecal 

nicotine and intrathecal nicotine agonist epibatidine completely reverse 

thermal and mechanical hypersensitivity in partial sciatic nerve-ligated 

mice at doses that have no effect in sham-operated animals(Rashid and 

Ueda 2002). In addition intrathecal administration of the α3β2/α6β2 

nAChR antagonist, α-CTX MII, reduced mechanical hypersensitivity 

following this model of spinal nerve ligation, suggesting that endogenous 

ACh within the spinal cord inhibits the transmission of nociceptive 

mechanical stimuli (Young et al. 2008).  

Therefore, all these data suggest that compounds targeting neuronal 

nAChRs may represent a new class of analgesic agents. However, the 

possible clinical use of nicotine in pain is limited because of several 

serious limitations: its modest and short duration effect, its possible 

secondary effects such as the appearance of confusion at high doses, and 

the development of tolerance after chronic administration. Considering the 

many nAChRs subtypes that have been identified, the development of 

new selective agonists of some of these receptors may provide the basis to 

dissociate the therapeutic and side-effects in order to improve the 

benefit/risk ratio of this type of compounds (Decker et al. 2004) 
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1.2 Cannabinoid system  

 
1.2.1 Natural and synthetic cannabinoids 

 

The Cannabis plant has been used since antiquity for recreational purposes 

and as a medicinal herb. Marijuana is the dry shredded mixture of flowers 

stems, seeds and leaves of the plant Cannabis sativa. The dried mixture 

can be smoked in form of cigarette (named joint) or in a pipe. Other 

preparations include hash or hashish, the dried sticky resin of the flowers 

of the female plant, or hash oil, a sticky black liquid. In Spain, hashish is 

the most common used form of cannabis and it is almost always mixed 

with tobacco.  

Cannabis sativa contains more then 400 different compounds of which 60 

are psychoactive and are referred to as cannabinoids. The main 

psychoactive compound of Cannabis sativa, Δ9- tetrahidrocannabinol 

(THC), was identified and isolated in 1964 by Gaoni and Mechoulam. 

THC content is the highest in the oil from the flowering tops and the 

lowest in the seeds. After inhalation, THC is detectable in plasma within 

seconds, reaching the peak in 3-10 min after smoking. Because of its high 

lipophilicity, it rapidly enters in the highly vascularized tissues including 

the liver, heart and brain (Grotenhermen 2003). Significant accumulation 

of cannabinoids occurs later in less vacularized tissues and body fat. THC 

is only slowly released back into the bloodstream and other body tissues 

from these deposits and full elimination from the body is slow (plasmatic 

half-life 24-36 h) (Grotenhermen 2003). THC is metabolised in the liver 

and its active and inactive metabolites are excreted through the digestive 

tract, kidneys and sweat. Other important compounds of Cannabis sativa 

are Δ8-tetrahidrocannabinol and cannabinol which also show psychoactive 

properties and cannabidiol that does not have these characteristics. 
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Studies that link the structure of natural cannabinoids with their 

pharmacological activity and the cloning of cannabinoid receptors 

(Matsuda et al. 1990; Munro et al. 1993) allowed the development of new 

molecules that selectively bind to the cannabinoid receptors. Nowadays, 

the synthetic agonists of the cannabinoid receptors can be classified into 

two main categories: (1) compounds that have similar structure to THC, 

such as HU-210, CP-55,940 and nabilone (Figure 5), and (2) compounds 

that have a different chemical structure, such as the aminoalkylindoles, 

that include WIN 55,212-2.  

 

 

 

 

 

 

 

 

 

 

 
Figure 5. Chemical structure of Δ9-THC, the most important derivate of 

Cannabis Sativa and synthetic compounds that bind to cannabinoid receptors. a) 

cannabinoid receptors agonist which activates both CB1 and CB2 receptors. b) 

selective antagonists for CB1 (SR141716A, rimonabant) and CB2 (SR144528). 

(adapted from Piomelli, 2003) 

 

The synthetic compounds have different intrinsic activity and affinity for 

the cannabinoid receptors (Howlett 2002). Thus, CP-55,940 and WIN 

55,212-2 show a higher affinity for CB1 and CB2 receptors than THC. In 

addition, CP-55,940 has the same affinity for both CB1 and CB2, while the 

a

b
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affinity of WIN 55,212-2 is slightly higher for CB2 (Pertwee 2008). 

Studies about the relationship between structure and activity, gave rise to 

the development of selective cannabinoid receptor antagonists. Thus, 

SR141716A (rimonabant) (Rinaldi-Carmona et al. 1994) and SR144528 

(Rinaldi-Carmona et al. 1998) were the first selective antagonists for CB1 

and CB2 receptors respectively (Figure 5 and table 2). 

 
Table 2 Affinity (Ki, nM) of several agonists and antagonists for CB1 and CB2 

receptors  
 

 

 

 

 

 

 

 

 

 

 

 

1.2.2 Canabinoid receptors: structure and distribution  

 

The cannabinoids exert their pharmacological actions through the 

activation of at lest two distinct subtypes of cannabinoid receptors: CB1 

and CB2 cannabinoid receptors. The first cannabinoid receptor, CB1, was 

cloned in the early 1990s (Matsuda et al. 1990) and three years later 

Munro et al. cloned the CB2 cannabinoid receptor (Munro et al. 1993). 

Both are G-protein coupled receptors with seven trasmembrane domains. 
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There are considerable differences in the size of CB1 and CB2 receptors. 

While the human CB1 receptor consists of 472 amino acids and has a 

molecular weight of 60 kDa, the human CB2 receptor consists of only 360 

amino acids and has a molecular weight of 50 kDa (Matsuda et al. 1990) 

(figure 6). Nevertheless, compelling evidence supports the existence of  

additional others G protein coupled receptors with cannabinoid activity 

(Brown 2007). Recently, it has been accepted that the orphan receptor 

GPR55 could be considered as the third receptor with cannabinoid activity 

(Baker et al. 2006; Ryberg et al. 2007). 

 

 

 

 

 

 

 

 

 
Figure 6 Three-dimensional representation of CB1 (A) and CB2 (B) structure  

 

CB1 receptors are the most abundantly expressed metabotropic receptors 

in the brain and their distribution has been well characterized both in 

rodents (Herkenham et al. 1991; Tsou et al. 1998) and humans (Westlake 

et al. 1994) (figure7). CB1 receptors are highly expressed in caudate-

putamen, globus pallidus, hippocampus, ectopeduncular nucleus, sustansia 

nigra and cerebellum (Compton et al. 1990). They are also found in the 

amygdala, hypothalamus, nucleus accumbens, thalamus, periapeduncular 

gray and the spinal cord as well as in other brain areas mainly in the 

telencephalon and diencephalum (Cota et al. 2003a; Tsou et al. 1998) 
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(figure 7). In all these areas CB1 receptors are mainly expressed in 

GABAergic and glutamatergic neurons (Rodriguez de et al. 2005). CB1 

receptors are also expressed in several peripheral organs. Thus, they are 

present in adipocytes (Cota et al. 2003b), liver (Osei-Hyiaman et al. 

2005), lungs, smooth muscle, gastrointestinal tract (Calignano et al. 

1997), pancreatic beta cells (Bermudez-Silva et al. 2008), vascular 

endothelium (Liu et al. 2000) and other peripheral tissues. 

The distribution of CB2 receptors is manly restricted to the periphery in 

the immune system cells such as, macrophages, neutrofils, monocytes, 

lymphocytes B-cells and lymphocytes T-cells (Galiegue et al. 1995; 

Matsuda et al. 1990; Munro et al. 1993). However, the presence of CB2 

receptors has also been demonstrated at the central level, in astrocytes 

(Sanchez et al. 2001), microglial cells (Nunez et al. 2004; Walter et al. 

2003) and brainstein neurons (Van et al. 2005). Recently, CB2 receptor 

expression has also been shown in bone cells such as osteoblasts, 

osteocytes and osteoclasts (Ofek et al. 2006), liver (Julien et al. 2005) and 

somatostatin secreting cells in pancreas (Bermudez-Silva et al. 2008). 

So far, few data are available with regards to the distribution of GPR55 

receptor. The expression of this receptor has been shown by fluorescence 

in situ hybridization in the spleen and in some regions of human brain, 

such as the caudate nucleus and putamen (Sawzdargo et al. 1999). An 

abundant presence of this receptor has also been demonstrated in the 

neurons of the DRG (Lauckner et al. 2008). In rat brain, GPR55 mRNA 

was detected by in situ hybridization in hippocampus, thalamic nuclei and 

regions of the mid-brain (Brown 2007) and in the periphery GPR55 

mRNA was present in the spleen (Sawzdargo et al. 1999).  
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Figure 7 Distribution of CB1 receptors in the CNS of adult mice. A–D: overall 

distribution in parasagittal (A and D) and coronal (B and C) brain sections of 

wild-type (A–C) and CB1-knockout (D) mice immunolabeled with a high-titer 

polyclonal antibody against the COOH terminus of mouse CB1. SNR: substantia 

nigra reticulata, GP: globus pallidus, EP: entopeduncular nucleus, Hi: 

hippocampus, DG: dentate gyrus, S1: primary somatosensory cortex, M1: 

primary motor cortex, V1: primary visual cortex, Cg: cingulate cortex, Ent: 

entorhinal cortex. BLA: basolateral amygdaloid nucleus AON: anterior olfactory 

nucleus, CPu: caudate putamen, VMH: ventromedial hypothalamus, Cb: 

cerebellar cortex, DH: dorsal horn, DLF: dorsolateral funiculus, lamina X.  

(adapted from Kano M et al, 2009) 

 

1.2.3 Canabinoid receptor signalling  

Stimulation of CB1 and CB2 cannabinoid receptors activates a number of 

signal transduction pathways mainly via Gi/o family of G proteins. 

Activation of CB1 and CB2 cannabinoid receptors produces the inhibition 

of adenylate cyclase, and the corresponding decreased activity of the 
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protein kinase A pathway. The activation of cannabinoid receptors also 

stimulates the activity of the mitogen-activated protein kinase (MAPK) 

pathway. Cannabinoid receptor activation, through the stimulation of Gi/o 

proteins, is also directly coupled to inhibition of voltage-activated Ca2+ 

channels and stimulation of inwardly rectifying K+ channels in neurons, 

with subsequent inhibition of neurotransmitter release (Di, V et al. 2004) 

(figure 8). 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 8. Major signalling pathways associated with cannabinoid receptor 

activation by agonists (adapted from Di Marzo, 2004); adenylate cyclase (AC), 

mitogen-activated protein kinase (MAPK), protein kinase A (PKA). 

 

The GPR55 has distinct intracellular signalling responsses in comparison 

with CB1 and CB2 receptors (Lauckner et al. 2008). Thus, the activation of 

this receptor induces the increase of intracellular calcium via Gq and 

phospholipase C, and the inhibition of potassium current through M-type 

potassium channels, which includes an increase in neuronal excitability 

(Lauckner et al. 2008) 
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1.2.4 Endocannabinoids: characteristics and mechanism of action  

 

The first endogenous ligands for CB1 and CB2 cannabinoid receptors, the 

endocannabinoids, were isolated in the early 1990. All endocannabinoids 

identified so far are derivatives (amides, esters and even ethers) of long 

chain polyunsaturated fatty acids derived from the membrane 

phospholipids degradation, specifically the arachidonic acid, and exhibit 

different selectivity for the two cannabinoid receptors (figure 9). 

 

 

 

 

 
 

 

Figure 9. Chemical structure of endogenous compounds that bind to cannabinoid 

receptors (adapted from Piomelli, 2003). 

 

The endocannabinoids share some common characteristics with other 

neurotransmitters. However, they differ from the classical 

neurotransmitter because of two main characteristics: they act as 

retrograde messengers (Chevaleyre et al. 2006) and do not accumulate in 

synaptic vesicles. These compounds are synthesised on demand and act in 

the proximity where they are released (Di Marzo V et al. 1994). Thus, in 

response to a concrete stimulus, the endocannabinoids are released from 

the postsynaptic neurons in the synaptic cleft and stimulate the 

cannabinoid receptors situated on the presynaptic neuron (Wilson and 

Nicoll 2002). Once that they are released, the endocanabinoids are rapidly 

inactivated and degradated by specific enzymes (Piomelli 2003) (figure 

10). 
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Figure 10. Retrograde signalling by endocannabinoids (Di Marzo V, 1998, 2005) 

 

The two best studied endocannabinoids are anandamide (N-

arachidonoylethanolamine) and 2-arachidonoylglycerol (2-AG) (figure 9). 

Anandamide is synthesised from the phosphatidylethanolamine present on 

the cell membrane by the activation of two enzymes: the N-

acyltransferase and phospholipase D (Di Marzo V et al. 1994). After 

release, the anandamide is transported from the synaptic cleft inside the 

cell through passive diffusion or by a selective transporter which can be 

inhibited by N-(4-hydroxyphenyl)-arachidonamide (AM404) (Fegley D at 

al. 2004). However, the transporter has not been identified yet. 

Anandamide is hydroxylated by the fatty acid amide hydrolase (FAAH) 

(Cravatt et al. 1996). The 2-AG is the most abundant endogenous 

cannabinoid in the brain and its concentration is about 200 times higher 

than the anandamide (Stella et al. 1997). 2-AG is generated from 

diacylglycerol that is synthesised from phosphoinositides or from 

phosphatidic acid (Bisogno et al. 2005). The synthesis of 2-AG is 
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mediated mainly by the phospholipase C (Piomelli 2003). The 2-AG 

reuptake is taking place by similar mechanisms than for anandamide 2-

AG degradation is mainly due to the action of the monoacylglycerol lipase 

MAGL (Dinh et al. 2002). 

Other endogenous cannabinoids that have been identified are the 2-

arachidonilglicerol ether, also called noladin ether, (Hanus et al. 2001), 

the virodhamine (Porter et al. 2002) and N-arachidonoyldopamine (Huang 

et al. 2001) (figure 9). 

 

1.2.5 Effects induced by cannabinoids 

 

The activation of the cannabinoid system through THC or other 

phytocannabinoids, synthetic cannabinoids or endocannabinoids causes 

numerous actions that have been extensively reported (Grotenhermen 

2004). The cannabinoid system plays an important role in multiple aspects 

of the neural functions including learning and memory, emotion, 

addictive-like behaviour, feeding and metabolism, pain and 

neuroprotection. It is also involved in the modulation of different 

processes at the cardiovascular and immunological levels, among others 

(table 3).  

Cannabinoids interact with multiple neurotransmitters and 

neuromodulators, among them ACh, DA, GABA, histamine, 5-HT, 

glutamate, norepinephrine, prostaglandins and opioid peptides (Dewey 

1986; Grotenhermen 2004) (see table 4). A number of pharmacological 

effects can be explained at least in part on the basis of such interactions 

(Grotenhermen 2004). 
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Table 3 Physiological and physiopathological processes in which the 

cannabinoids  participate  

Table 4 Neurotransmitter functions under cannabinoid control (modified from 
F.Grotenhermen 2004) 

 

 

 

 

 

 

 

 

 

 

 

 

 

The involvement of the cannabinoid system in cognitive processes, food 

intake and pain will be described in the following sections. 
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1.2.5.1 Cannabinoids and cognitive processes 

 

Learning and memory impairments are among the most commonly 

reported effects of cannabinoids both in animals (Hampson and 

Deadwyler 1998) and humans (Chait and Perry 1992). Preclinical studies 

have shown that the administration of cannabinoid agonists impairs the 

acquisition and alters working-memory in various tasks such as radial 

maze, object recognition task, active and passive avoidance and Morris 

water maze (Lichtman and Martin 1996; Molina-Holgado et al. 1995; 

Winsauer et al. 1999), in particular spatial memory (Lichtman and Martin 

1996; Molina-Holgado et al. 1995) and short-term memory (Molina-

Holgado et al. 1995). In rodents, cannabinoid agonists (Hoffman et al. 

2007) and endocannabinoids decrease the long-term potentiation (LTP) in 

the hippocampus (Stella et al. 1997), which is related to the impairment of 

memory in various behavioural tasks. These cognitive effects of 

cannabinoid agonists are attenuated by the administration of the 

cannabinoid receptor antagonist, rimonabant (Collins et al. 1995; Mallet 

and Beninger 1998; Terranova et al. 1995; Terranova et al. 1996). On the 

other hand, rimonabant facilitates working memory in delayed-nonmatch-

to-sample behavioral task (Hampson and Deadwyler 1998). In agreement 

with these pharmacological data, mice lacking CB1 cannabinoid receptors 

showed an increase of LTP in the hippocampus (Bohme et al. 2000), an 

improvement in memory retention in the object recognition paradigm 

(Maccarrone et al. 2002; Reibaud et al. 1999) and an increased number of 

conditional changes in the active avoidance task (Martin et al. 2002). In 

addition, the endocannabinoid system has a specific role in facilitating 

extinction and/or forgetting processes (Marsicano et al. 2002; Varvel and 

Lichtman 2002). In this sense, CB1 deficient mice showed strongly 

impaired short-term and long-term extinction in auditory fear-

conditioning tests, with unaffected memory acquisition and consolidation. 
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Treatment of wild-type mice with rimonabant mimicked the phenotype of 

CB1 deficient mice, revealing that CB1 is required at the moment of 

memory extinction. Consistently, tone presentation during extinction trials 

resulted in elevated levels of endocannabinoids in the basolateral 

amygdala complex, a region known to control extinction of aversive 

memories (Marsicano et al. 2002). In the same line, Varvel and Lichtman 

(2002) have shown that the CB1 receptor deficient mice exhibited a deficit 

in learning the new platform location during the task in reversal test of the 

Morris water maze. These mice continued to return to the previously 

learned location, despite being repeatedly shown the new location. 

The specific mechanisms involved in the modulation of learning and 

memory processes induced by cannabinoids have not been still fully 

clarified. Thus, memory impairment produced by cannabinoids has been 

related to an inhibition of cholinergic activity in the CNS (Braida and Sala 

2000). Hippocampus is a brain structure that plays a crucial role in 

learning and memory processes and contains high levels of CB1 

cannabinoid receptors. This brain area acquire, encode and consolidate 

new information in short-term memory which is then processed in the 

PFC and it is also involved in LTP (Egerton et al. 2006). Both in vitro 

(Gifford and Ashby, Jr. 1996) and in vivo (Gessa et al. 1997) studies have 

shown that the cannabinoid agonists induce an inhibition of ACh released 

in rat hippocampus. Otherwise, pharmacological (Gessa et al. 1997; 

Gifford and Ashby, Jr. 1996) and genetical (Kathmann et al. 2001) 

blockade of CB1 receptor increased the ACh in hippocampus. In this brain 

area, CB1 receptors are highly expressed and are mainly localized in 

GABAergic terminals of basket cells (Katona et al. 1999; Katona et al. 

2001) to control GABA release (Katona et al. 2001). In addition, CB1 

receptors are localized, to a minor extent in glutamatergic terminals 

(Katona et al. 2006; Kawamura et al. 2006) where they play a critical role 

in neuroprotection (Monory et al. 2006) through the modulation of 
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glutamate release (Takahashi and Castillo 2006). In a recent study it has 

been demonstrated, using different lines of CB1 receptor conditional 

knockout mice lacking CB1 receptor in GABAergic or glutamatergic 

terminals, that THC-induced cognitive impairment is mainly mediated 

through the stimulation of CB1 receptor in GABAergic terminals, while 

those in glutamatergic terminals did not participate in these cognitive 

responses (Puighermanal et al. 2009). These findings suggest that the 

stimulation of CB1 receptor, mainly expressed in GABAergic interneurons 

would contribute to an unbalance between the excitatory and inhibitory 

inputs in the hippocampus leading to the cognitive impairment produced 

by cannabinoids (Puighermanal et al. 2009). 

In humans it has been reported that marijuana acutely impairs 

performance on short-term memory tasks (Chait and Perry 1992; Miller 

and Branconnier 1983) and its chronic consumption affects long term-

memory storage. In addition to reduced learning, heavy cannabis use is 

also associated with a decreased mental flexibility, increased 

perseveration and reduced ability to sustain attention (Lundqvist 2005). It 

has also been described that long-term heavy cannabis users show 

impairments in memory and attention that persist beyond the period of 

intoxication and get worse with increasing years of regular cannabis use 

(Solowij et al. 2002). Brain imaging studies of cannabis users have 

demonstrated altered function, blood flow, and metabolism in prefrontal 

and cerebellar regions (Solowij et al. 2002).  

The most common used form of cannabis is the hashish that is always 

mixed with tobacco. In spite of this current association of cannabis and 

tobacco in humans, the behavioural and biochemical consequences of the 

interaction between these two drugs are poorly documented. Thus, future 

studies are necessary in order to better understand the underling 

mechanisms of cannabis and tobacco association in memory and learning 

processes. 
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1.2.5.2 Cannabinoids in food intake and energy balance 

 

The orexigenic properties of Cannabis sativa derivatives have been 

known for centuries (Abel 1975). Indeed, the administration of either 

exogenous or endogenous cannabinoid agonists have been shown to 

increase food intake in humans and in animal models when the doses 

employed were low or moderate, while these compounds were 

anorexigenic at higher doses probably due to their sedative properties 

(Giuliani et al. 2000; Kirkham et al. 2002; Williams and Kirkham 2002). 

The effects of cannabinoids on food intake and metabolism are mainly 

mediated through the activation of the CB1 cannabinoid receptor (Pagotto 

et al. 2006), although recent studies suggest also an involvement of CB2 

cannabinoid receptor (Agudo et al. 2010). Cannabinoid agonists are 

effective in the clinic to increase food intake in some pathological 

conditions related to weight loss, namely cancer and AIDS (Cota et al. 

2003a; Kirkham et al. 2002). On the contrary, acute administration of CB1 

cannabinoid antagonists suppresses food intake and food-motivated 

behaviour (Foltin and Haney 2007; Salamone et al. 2007; Sink et al. 

2008). Genetic or chronic pharmacological impairment of the endogenous 

cannabinoid system mainly results in a short-term hypophagia and long-

lasting reduction in body weight. Thus, mice chronically treated with the 

selective CB1 antagonist, rimonabant or lacking the CB1 cannabinoid 

receptors are leaner, have lower motivation for food and lower plasma 

leptin levels, as well as a transitory lower caloric intake than their 

corresponding controls (Cota et al. 2003b; Ravinet et al. 2004; Ward and 

Dykstra 2005). CB1 cannabinoid receptor activation modulates the effects 

of cannabinoids on food intake and metabolism (Pagotto et al. 2006) both 

at the CNS and in the peripheral tissues (Di, V 2008; Pagotto et al. 2006) 

(Figure 11). 
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Figure 11. Role of endocannabinoid system in food intake and energy balance 

(modified from Di Marzo, 2008) 

 

At the central level, it has been well described that the endocannabinoid 

system plays a dual role in the regulation of food intake by homeostatic 

and non-homeostatic (or hedonic) energy regulation (Berthoud 2006). In 

the mesolimbic system, the activation of the CB1 receptor increases the 

motivation for the incentive value of food (Di Marzo and Matias 2005), 

and CB1 activation in the hypothalamus enhances appetite by regulating 

the responses of several orexigenic and anorectic mediators (Di Marzo V 

et al. 2004; Di Marzo and Matias 2005; Kirkham et al. 2002; Osei-

Hyiaman et al. 2005). Thus, CB1 receptors regulate the release of agouti-

related protein, orexins and melanocyte-concentrating hormone or 

anorexic neuropeptides such as those produced from pro-

opiomelanocortin and the cocaine and amphetamine-regulated transcript 

(CART) (Matias et al. 2008). On the other hand it was suggested that the 

orexigenic effects of endocannabinoids could be in part mediated by 

neuropeptide Y since stimulation or blockade of hypothalamic CB1 

receptors increases or decreases respectively the levels of this mediator 

(Gamber et al. 2005; Verty et al. 2005). Hypothalamic endocannabinoid 

levels are decreased after systemic leptin administration in rats, and 
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increased in rodent models where leptin signalling or its biosynthesis is 

defective (Di Marzo V et al. 2001). Leptin, secreted by adipocytes into the 

peripheral circulation, regulates not only food intake but also the central 

regulation of energy expenditure. It appears, therefore, that the 

endocannabinoid system participates in the orexigenic hypothalamic 

network regulated by leptin (Matias et al. 2008) increasing feeding 

behaviour (Jo et al. 2005a).  

At the peripheral level, the activation of the endocannabinoid system 

reduces energy expenditure and this process has been shown to take place 

in the adipose tissue, liver, skeletal muscle, gastrointestinal tract and 

pancreas (Matias et al. 2008). In the adipose tissue, CB1 receptor 

activation increases energy storage by several mechanisms. First, CB1 

activation stimulates the growth and differentiation of preadipocytes into 

fully mature adipocytes (Bellocchio et al. 2008; Matias et al. 2006) and 

increases energy accumulation within these cells promoting by these 

mechanisms the adipogenesis. The accumulation of energy comes from 

the storage of triglycerides in the adiposities as a result of the enhanced 

lipolysis and from exogenous fatty acids (Tucci et al. 2004). Moreover, 

CB1 activation in adipocytes increases insulin signalling which promotes 

glucose uptake and decreases adiponectine (Bellocchio et al. 2008; Matias 

et al. 2006), both leading to an enhancement of energy storage. In 

addition, the endocannabinoids decrease the 5AMP-activated protein 

kinase (AMPK) activity in the adipose tissue (Cavuoto and Wittert 2009; 

Kola et al. 2005), resulting in an increase adiposity and lipogenesis.  

In the liver, the activation of CB1 receptor leads also to decrease energy 

expenditure by reducing the AMPK activity that alters fatty acid and 

glucose oxidation and increases lipogenesis (Matias et al. 2008).  

Skeletal muscle is a significant site of lipid and glucose oxidation, 

accounting for as much as 30% of basal energy expenditure. In this tissue, 

the activation of CB1 receptor leads to a decrease in oxygen consumption 
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(Cavuoto and Wittert 2009), fatty acid oxidation (Bellocchio et al. 2008) 

and glucose uptake (Liu et al. 2005). In addition, it has been suggested 

that endocannabinoids could reduce muscle contraction by a CB1-

dependent mechanism (Newman et al. 2007).  

The effects of cannabinoids on insulin secretion by pancreatic beta cells 

remain unresolved (Cavuoto and Wittert 2009). There are conflicting data 

regarding the distribution of CB1 and CB2 in the pancreas, although both 

have been reported to be present (Starowicz et al. 2008). Activation of the 

CB1 receptors has been shown to induce insulin and glucagon secretion, 

whereas CB2 mediates a decrease in glucose-dependent insulin secretion 

(Bermudez-Silva et al. 2008). 

On the other hand, it has been described that cannabinoids inhibit 

gastrointestinal motility in both rodents and humans (Esfandyari et al. 

2007), through CB1 receptor activation. Moreover, CB1 activity in the 

gastrointestinal tract enhances food intake by regulating the release of gut 

peptides such as cholecystokinin and ghrelin (Gomez et al. 2002).  

All these data demonstrate the crucial role of the endocannabinoid system 

in the regulation of food intake and metabolism and underline the 

relevance of this system as a new therapeutic target to fight against 

obesity and also to treat the cachectic states present in some pathologies. 

Thus, cannabinoid agonists, such as Nabilone and Dronabinol (Marinol) 

(Δ9-tetrahydrocannabinol) are available in the clinic as appetite 

stimulants, primarily for AIDS, chemotherapy and gastric bypass patients. 

In spite of the current association of cannabis and tobacco consumption in 

humans, the behavioural and biochemical consequences of the interaction 

between these two drugs related to feeding behaviour and metabolism are 

poorly documented. Thus, future studies are necessary in order to 

elucidate the interaction between the endocannabinoid system and 

nicotine in food intake and metabolism. 
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1.2.5.3 Cannabinoids and pain 

 

One of the ancestral uses of cannabis was to treat pain. Historical 

documents reveal the use of cannabis for surgical anaesthesia in ancient 

China and for relieving pain of diverse origin in ancient Israel, Greece, 

Rome, and India (Mechoulam and Hanus 2000). Cannabinoids exert their 

antinociceptive effects through complex mechanisms involving effects on 

brain (Fox et al. 2001; Hohmann et al. 1999; Martin et al. 1993; Meng et 

al. 1998) spinal cord (Chapman 1999; Drew et al. 2000; Lichtman and 

Martin 1991b; Lichtman and Martin 1991a; Naderi et al. 2005; Suplita et 

al. 2005) and peripheral sensory nerves (Amaya et al. 2006; Calignano et 

al. 1998; Fox et al. 2001; Johanek and Simone 2004; Jordt et al. 2004). 

This is consistent with the anatomical location of CB1 receptors in areas 

relevant to pain in the brain, spinal dorsal horn, DRG, and peripheral 

afferent neurons (Hohmann et al. 1999; Sanudo-Pena et al. 1999) (Figure 

12). 

At the central level, the antinociceptive effects induce by cannabinoids are 

due mainly to CB1 located in the spinal cord and supraspinal structures 

(Ledent et al. 1999; Meng et al. 1998). However, it has been recently 

shown that CB2 receptors also participates in pain modulation in the spinal 

cord (Taylor 2009). Although the endocannabinoid system plays an 

outstanding role in the control of the ascending pathways involved in the 

transmission of nociceptive stimuli, another central mechanism for the 

antinociceptive effects induced by cannabinoids seems to be modulation 

of the descending inhibitory pathways. Several studies demonstrated the 

presence of a bidirectional control of pain transmission in the 

periaqueductal grey matter and rostral ventromedial medulla that can exert 

both inhibitory and facilitatory control (Fields 2004). This dual control 

results from the activity of two neuronal subpopulations. One class, 

termed “OFF cells”, shows a pause in firing that begins before the 
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withdrawal reflex and its activation promotes analgesic effects. The other 

class, “ON cells” shows a burst of activity that begins before the reflex 

and the activation of these cells facilitates pain transmission. Consistent 

with their role in pain modulation, rostral ventromedial medulla ON and 

OFF cell axons project directly and selectively to dorsal horn laminae that 

relay nociceptive signals (Fields et al. 1995). Microinjection of 

cannabinoid agonists into the periaqueductal grey substance (Martin and 

Lichtman 1998; Martin et al. 1998) and rostral ventromedial medulla 

(Martin et al. 1999) as well as the electro stimulation of these areas 

(Fields et al. 1991) resulted in analgesia by enhancing the activity of 

“OFF cells”.  

 

 

 

 

 

 

 

 

 
Figure 12. Sites at which cannabinoids act through CB1 receptors to induce 

antinociception in rodents. DRG: dorsal root ganglion; DH: dorsal horn of spinal 

cord; RVM: rostral ventromedial medulla, PAG: periaqueductal grey (adapted 

from Pertwee, 2001) 

 

The cannabinoids may stimulate the descending inhibitory pathway by 

activating neurons from both brain regions. This activation seems to be 

induced by the inhibition of GABA release in the axon terminal of 

presynaptic interneurons located in rostral ventromedial medulla and 
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periaqueductal grey matter, through a mechanism similar to the one 

described for the analgesic effects of opioids.  

At the spinal level, the CB1 receptors are found mainly in the dorsal horn 

of the spinal cord. Most of the primary afferent neurons that express CB1 

mRNA are Aβ fibers or large diameter fibers, involved in the sensitive, 

non nociceptive transmission (Hohmann and Herkenham 1998). However, 

CB1 receptors are also expressed in nociceptive fibers with small diameter 

including C-fibers, able to inhibit the release of neurotransmitters 

involved in pain transmission (Drew et al. 2000; Kelly and Chapman 

2001; Wilson and Nicoll 2001). CB1 mRNA is also highly expressed in 

the DRG (Bridges et al. 2003; Hohmann 2002). At this level, stimulation 

of CB1 receptors blocks the presynaptic Ca+2 dependent channels, 

decreasing by this mechanism the release of neurotransmitters (Millns et 

al. 2001). At the supraspinal level, cannabinoids are also able to modify 

the subjective interpretation of pain by modulating the neuronal activity 

mainly at the level of the limbic structures such as amygdala (Manning et 

al. 2001). 

At the peripheral level, the activation of both CB1 and CB2 receptors 

seems to participate in the antinociceptive effects of cannabinoids. In this 

line, several studies have proposed the existence of a synergism between 

the responses mediated by CB1 and CB2 receptors in the periphery (Malan, 

Jr. et al. 2001). 

The analgesic effects of cannabinoid compounds have been demonstrated 

in multiple behavioural studies in both animals and humans (Martin and 

Lichtman 1998; Pacher et al. 2006). The most employed acute nociceptive 

models used in animals that apply thermal stimuli to reveal cannabinoid 

antinociception are the hot plate (Buxbaum 1972; Hutcheson et al. 1998; 

Martin 1985) and tail flick paradigms (Buxbaum 1972). These two tests 

evaluate different behavioural responses. While the antinociceptive 

responses obtained in the hot plat test are modulated by the activation of 
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supraspinal pathways, the behavioural responses observed in the tail flick 

paradigm are mainly due to spinal mechanisms. Cannabinoids agonists 

were proved to be efficient in both tests (Gomez et al. 2002; Hohmann 

2002; Lichtman and Martin 1991b; Martin and Lichtman 1998; Tham et 

al. 2005). Other animal models where cannabinoid agonists were proved 

to be efficient, are mechanical models that measure motor (Smith et al. 

1994) or reflex (Gilbert 1981) responses, chemical models such as the 

writhing response induced by acetic acid or the administration of 

fenilbenzoquinone (Ulugol et al. 2006; Welch et al. 1995) and models of 

electric stimulation of paw (Weissman et al. 1982), sciatic nerve (Bicher 

and Mechoulam 1968) or dental pulp (Kaymakcalan et al. 1974). The 

cannabinoid agonists also produced antinociceptive effects in models of 

inflammatory pain such as the hyperalgesia induced by carrageenan 

(Mazzari et al. 1996), capsaicin (Li et al. 1999), formalin (Calignano et al. 

1998; Moss and Johnson 1980) and Freud’s adjuvant (Martin et al. 1999). 

Moreover, recent studies have shown that the cannabinoids were also 

efficient in models of neuropathic pain (Goya et al. 2003). Thus, an 

upregulation of spinal CB1 receptor was revealed after a chronic 

constriction of sciatic nerve that promotes the enhancement of the 

analgesics effects of Win 55,212-2 on neuropathic pain in rats (Lim et al. 

2003). By contrast, a genetic study using CB1 knockout mice, has shown 

that CB1 cannabinoid receptors are not critically involved in the 

development of neuropathic pain nor in the anti-allodynic and anti-

hyperalgesic effects of gabapentin in a model of neuropathic pain induced 

by partial sciatic nerve ligation (Castañé et al. 2006). CB2 cannabinoid 

receptors have also been involved in this pathological state. Indeed, the 

selective CB2 cannabinoid agonist AM1241 produced a dose-dependent 

inhibition of tactile and thermal hypersensitivity induced in rats by spinal 

nerve ligation (Ibrahim et al. 2003). The crucial role of CB2 receptor in 

the regulation of central immune responses during neuropathic pain was 
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recently demonstrated using mice lacking CB2 receptor, transgenic mice 

overexpressing this receptor and bone marrow chimera mice (Castañé et 

al. 2006; Racz et al. 2008b; Racz et al. 2008a). Thus, CB2 knockout mice 

and mice reconstituted with CB2 deficient bone marrow cells exposed to 

nerve injury developed similar neuropathic pain in the ipsilateral side as 

wild-type animals. However, they showed a contralateral mirror-image of 

pain accompanied by glial activation. In contrast, neuropathic pain was 

attenuated in transgenic mice overexpressing CB2 receptors (Racz et al. 

2008b; Racz et al. 2008a). Therefore, CB2 cannabinoid agonists could 

represent a future new group of pharmacological agents for the treatment 

of neuropathic pain devoid of any psychoactive side effects (Racz et al. 

2008b; Racz et al. 2008a)  

In humans, cannabinoid agonists are already used to alleviate some 

manifestations of pain. Indeed, Sativex® (Δ9-tetrahydrocannabinol with 

cannabidiol) is prescribed for the symptomatic relief of neuropathic pain 

in adults with multiple sclerosis and as an adjunctive analgesic treatment 

for adult patients with advanced cancer (Pertwee 2009). One important 

challenge at the present moment would be to identify additional 

therapeutic targets for cannabinoid agonists considering the promising 

findings already reported. 
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2. Neuropathic pain  
 

2.1 Definition and classification 

 

Neuropathic pain is defined by the International Association for the Study 

of Pain (IASP) as pain initiated or caused by a primary lesion or 

dysfunction in the nervous system. The classification of neuropathic pain 

is a complex matter. A traditional approach classifies neuropathic pain 

according to the aetiology, as well as the presumed location of the nerve 

injury (peripheral or central). The etiology-based classification of 

neuropathic pain can be summarized as follows (adapted from (Baron 

2006): 

1. Focal or multifocal lesions of the peripheral nervous system: 

Entrapment syndromes, phantom limb pain, stump pain, post-traumatic 

neuralgia, postherpetic neuralgia, diabetic mononeuropathy, ischemic 

neuropathy and polyarteritis nodosa. 

2. Generalized lesions of the peripheral nervous system 

(polyneuropathies): Diabetes mellitus, cancer associated neuropathy, 

alcohol, amyloid, plasmocytoma, HIV neuropathy, hypothyroidism, 

hereditary sensory neuropathies, vitamin B deficiency, toxic neuropathies 

(arsenic, thallium, chloramphenicol, metronidazole, nitrofurantoin, 

isoniazid, vinca alkaloids, taxoids), Fabry's disease and Bannwarth's 

syndrome (neuroborreliosis). 

3. Lesions of the CNS: Spinal cord injury, brain infarction (especially in 

the thalamus and brainstem), spinal infarction, syringomyelia and multiple 

sclerosis. 

4. Complex neuropathic disorders: Complex regional pain syndromes 

type I and II, reflex sympathetic dystrophy and causalgia. 

 



_______________________________________________________Introduction 

 48 

2.2 Symptoms and signs in neuropathic pain: 

 

Neuropathic pain is characterised by the existence of spontaneous pain 

and abnormal stimulus-evoked pain (hyperalgesia, allodynia, paresthesia 

and dysesthesia). When a stimulus that usually causes mild pain is 

perceived by patient as producing severe pain, this situation is called 

hyperalgesia. Depending on the nature of the stimulus, the resultant 

condition is known as heat, cold or mechanical hyperalgesia. However, in 

some cases painless stimuli (such as the rubbing of clothing) are felt as 

painful, and this situation is known as allodynia. Allodynia may be very 

distressing for some patients. Hyperalgesia and allodynia may also appear 

in other pathological situations such as inflammatory pain (e.g. sunburn). 

Besides, hyperalgesia and allodynia, there are other evoked sensory 

phenomena, such as paresthesia (abnormal sensation, different from pain, 

whether spontaneous or evoked, not unpleasant) or dysesthesia (abnormal 

sensation, different from pain whether spontaneous or evoked, unpleasant  

(Baños et al. 2003). Another characteristic of neuropathic pain is the 

appearance of Tinel's sign which is pathognomonic for nervous injury and 

very useful to determine the anatomical level of the lesion. It is a tingling 

sensation in the distal end of a limb when percussion is made over the site 

of a divided nerve. Table 5 defines several sensory signs and symptoms 

that can be found in painful neuropathies, and summarizes the appropriate 

tests to assess these symptoms. 
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Table 5. Definition and assessment of sensory symptoms or signs in neuropathic 

pain (modified from Baron, 2006). 

 

2.3 Fisiopathologycal mechanisms of neuropathic pain 

 

Most of the current hypothesis to explain the pathophysiology and 

mechanisms underlying neuropathic pain originated from experimental 

work in animal models. These animal studies delineated a series of 

partially independent peripheral and central pathophysiological 
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mechanisms to explain the development and manifestations of neuropathic 

pain (Baron 2006). 

 

2.3.1 Peripheral sensitization on the nociceptors and sensory fibers 

 

The nociceptors are located in the terminals of afferent neurons 

responsible for the pain stimuli detection and transmission. Like all 

primary afferent neurons, the nociceptors have a cellular body localised in 

the DRG, and two prolongations. The central prolongation ends into the 

dorsal horn of the spinal cord and the peripheral prolongation ends in the 

peripheral organs and constitutes the sensory fiber. Taking into account 

the myelinization, the diameter and the conduction speed, the cutaneous 

sensory fibers are classified in three categories: Aβ fibers (large 

myelinated afferents), Aδ fibers (small myelinated afferents) and C fibers 

(small unmyelinated afferents) (Table 6). In physiological conditions, all 

of these fibers can transmit innocuous information, whereas only Aδ and 

C fibers transmit nociceptive information. When a nociceptive stimulus 

acts on the skin, the Aδ nociceptors are responsible for the transmission of 

the immediate acute pain which is followed by a more diffused pain 

transmitted by the activation of nociceptors located on C fibers 

characterised by a slower conduction speed. During chronic pain, 

nociceptor sensitization is caused by inflammatory mediators, like amines, 

prostaglandins, leukotrienes and bradykinins that are released after injury 

decreasing the threshold of nociceptive stimuli and increasing the 

response to suprathreshold stimuli (Baños et al. 2003). In pathological 

conditions, mainly in the presence of tissue inflammation or peripheral 

nerve injury, neurochemicals alterations may occur in the Aβ neurons and 

these fibers can start to transmit nociceptive information. 
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                 Table 6. Clasification of sensory cutaneous fibers 

 

 

 

 

After a peripheral nerve lesion, the nociceptors become abnormally 

sensitive and develop pathological spontaneous activity. These 

pathological changes are underpinned by molecular and cellular changes 

at the level of the primary afferent nociceptor that are triggered by the 

nerve lesion (Baron 2006) (Figure 13). These changes lead to ectopic 

(abnormal) and spontaneous discharges, abnormal nerve conduction, 

alterations of ionic channel expression, collateral spouting of primary 

afferent neurons, sprouting of sympathetic neurons and nociceptor 

sensitisation (Baños et al. 2003) 

Figure 13: Primary afferent pathways and their connections in the spinal cord 

dorsal horn. Nociceptive C-fibers (red) terminate at spinothalamic projection 

neurons in upper laminae (orange neuron), whereas myelinated A-fibers (blue) 

project to deeper laminae (adapted from Baron, R, 2006). 

 

The ectopic and spontaneous discharges are expressed as a large increase 

in spontaneous firing in the afferent neurons linked to the injury site, 
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which originates in the DRG and along the nerves (Wall et al. 1974; Wall 

and Devor 1983). At least two subpopulations of primary afferents 

develop ectopic activity in the presence of nerve injury: injured afferent 

neurons and their uninjured neighbours. Thus, both populations of 

afferents are hypothetically capable of initiating as well as maintaining the 

behavioural changes observed in the presence of nerve injury (Gold 

2000). These abnormal discharges can be spontaneous due to instability of 

the membrane potential or caused by undetectable stimuli.  

Ectopic and spontaneous activity following nerve injury is matched by 

increased expression of messenger RNA for voltage-gated sodium 

channels in the primary afferent neurons. Clustering of sodium channels at 

sites of ectopic impulse generation might be responsible for the lowering 

of the action-potential threshold and consequent hyperactivity (Lai et al. 

2003). The genes that encode the voltage-gated sodium channels are 

expressed selectively in nociceptive primary afferent neurons (Wood et al. 

2004). After peripheral nerve damage, sodium channel clusters 

accumulate not only at the site of the nerve lesion, but also within the 

intact DRG. Within the DRG, an alternation between a phasically 

activating voltage-dependent tetrodotoxin sensitive sodium conductance 

and a passive voltage-independent potassium leak generates characteristic 

membrane potential oscillations (Amir et al. 2002). 

Damage to peripheral nerves also induces upregulation of various receptor 

proteins some of which are only marginally expressed under physiological 

conditions at the membrane of primary afferents. Thus, partial nerve 

injury and streptozotocin-induced diabetes produce a downregulation of 

vanilloid receptors type 1 (TRPV1) on many damaged afferent neurons 

and novel expression of TRPV1 on uninjured C-fibers and A-fibers 

(myelinated Aβ and Aδ) (Hong and Wiley 2006; Hudson et al. 2001). 

Recent studies also reveal an upregulation of TRPV1 in medium and large 

injured DRG cells (Ma et al. 2005). TRPV1 are located predominantly on 
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nociceptive afferent fibers and transmit noxious heat (>43°C) (Caterina et 

al. 2000). The observation that TRPV1-deficient mice do not develop heat 

hyperalgesia after tissue inflammation (Caterina et al. 2000; Davis et al. 

2000) supports the idea that these changes might contribute to the 

development of peripheral sensitization and the associated heat 

hyperalgesia (Baron 2000). TRPV1 does not seem to be the only 

transduction mechanism for thermal sensitization after nerve injury since 

wildtype and TRPV1-null mice exhibited comparable persistent 

enhancement of mechanical and thermal nociception after partial sciatic 

nerve ligation (Caterina et al. 2000).  

Investigations into temperature-sensitive excitatory ion channels also 

identified a cold and menthol-sensitive transient receptor potential (TRP) 

channel activated in the 8–28 °C range (Patapoutian et al. 2003) that is 

expressed in small-diameter DRG neurons (McKemy et al. 2002) and that 

results upregulated after peripheral injury (Wasner et al. 2004). This up-

regulation seems to participate in the peripheral sensitization of cold-

sensitive nociceptors located on C fibers which results in the sensory 

phenomenon of cold (Wasner et al. 2004) and mechanical hyperalgesia 

(Price et al. 2001). Experimental nerve injury also triggers the expression 

of functional α1-adrenoceptors and α2-adrenoceptors on cutaneous 

afferent fibers which could also participate in the peripheral sensitization 

(Price et al. 1998). The concept of a pathological adrenergic coupling 

between sympathetic postganglionic fibers and afferent neurons forms the 

conceptual framework for the use of sympathetic antagonists in some pain 

processes, such as complex regional pain syndromes (Price et al. 1998). 

Another peripheral mechanism that occurs during neuropathic pain and 

contributes to the sensitization is the collateral sprouting of primary 

afferent neurons. This means that the fibers of the primary afferent 

neurons spread in their vicinity and eventually establish new synapses. 

The induction of the sprouting is a consequence of nerve grow factor 
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action at the level of DRG, where the levels of mRNA are increased after 

nerve injury (Sebert and Shooter 1993). Sprouting of sympathetic neurons 

(noradrenergic perivascular sympathetic postganglionic axons) into DRG 

forms barkets around the large diameter neurons that do not transmit pain 

under physiological conditions. This sympathetic input could activate the 

neurons because the terminals of the sprouted neurons establish functional 

synapses-like structures with the cell bodies having as consequence the 

aberrant transmission of pain. 

 

2.3.2 Central sensitization  

 

Main addaptative changes also occur in the spinal cord dorsal horn and 

supraspinal structures during the development of neuropathic pain. 

Indeed, peripheral nerve injury leads to an increase in the general 

excitability of the spinal cord neurons. This hyperexcitability is 

manifested by increased neuronal activity in response to noxious stimuli, 

expansion of neuronal receptive fields and spread of spinal 

hyperexcitability to other segments (Baron 2006). This phenomenon 

participates in the so called central sensitization, which is mainly initiated 

and maintained by the activity of the pathologically sensitized C-fibers. 

These fibers sensitize spinal cord dorsal horn neurons by releasing 

glutamate, which acts on post synaptic N-methyl- D- aspartate (NMDA) 

receptors and the neuropeptide substance P which acts on neurokinin 1 

(NK1) receptors (Baron 2006). Several intracellular cascades contribute to 

this central sensitization at the level of the spinal cord, in particular the 

MAPK (Ji and Woolf 2001). After central sensitization, normally 

innocuous tactile stimuli become capable of activating spinal cord pain-

signalling neurons via Aδ and Aβ low-threshold mechanoreceptors (Tal 

and Bennett 1994). 
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Another adaptive modification leading to the central sensitization is the 

reorganization of spinal neurons. The spinal reorganisation is a response 

to peripheral nerve injury of the Aβ-fibers that sprout into lamina II of the 

dorsal horn, which is normally innervated by C-fibers. At this level, the 

Aβ-fibers establish functional synaptic contact with other second order 

neurons that are involved in pain transmission (Scholz and Woolf 2002) 

(Figure 14). As a consequence of these synapses, low threshold non 

noxious inputs from the Aβ-fibers can be interpreted as nociceptive in 

origin although they are not (Bridges et al. 2001). Furthermore, Aβ fibers 

suffer a phenotypic switch and begin to express nociceptors, substance P 

and calcitonin gene-related peptide that have an excitatory effect on 

postsynaptic neurons and potentiate the effects of substance P. All these 

nociceptors and neurokines are normally expressed by primary afferent C-

fibers and Aδ-fibers, but not in Aβ fibers (Miki et al. 1998). 

 

 

 

 

 

 

 

 

 

 

 
Figure 14: Schematic representation of reorganization of the spinal dorsal horn 

which is observed after peripheral nerve injury (adapted from Bridges D, 2001). 
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Changes in inhibitory pathways, such as reduction in the inhibitory 

control over dorsal horn neurons through different mechanisms, are also 

important in the central sensitization produced during neuropathic pain 

(Sugimoto et al. 1990; Woolf and Mannion 1999). Dorsal horn neurons 

receive a strong inhibitory input from GABA-releasing interneurons. In 

rodents, peripheral nerve injury promotes a selective apoptotic loss of 

GABA-releasing inhibitory neurons in the superficial dorsal horn of the 

spinal cord (Moore et al. 2002), a mechanism that further increases central 

sensitization. Dorsal horn neurons receive a powerful descending 

modulating control, from supraspinal brainstem centers, that has 

inhibitory as well as facilitatory effects (Vanegas and Schaible 2004). It 

was hypothesized that a loss of function in descending inhibitory 

serotonergic and noradrenergic pathways contributes to central 

sensitization during neuropathic pain. In animals, mechanical allodynia 

after peripheral nerve injury depends on tonic activation of descending 

pathways that facilitate pain transmission, indicating that structures in the 

mesencephalic reticular formation, possibly the nucleus cuneiformis and 

the periaqueductal gray are involved in central sensitization during 

neuropathic pain (Ossipov et al. 2000). However, another alternative 

mechanism of intraspinal desinhibition following peripheral nerve injury 

has been recently proposed. This mechanism involves a trans-synaptic 

reduction in the expression of the potassium-chloride exporter KCC2 in 

lamina I neurons, which disrupts anion homeostasis in these neurons. The 

resulting shift in the transmembrane anion gradient changes inhibitory 

anionic synaptic currents to be excitatory. The effect is that GABA release 

from normally inhibitory interneurons now paradoxically exerts an 

excitatory action on lamina I neurons, which contributes also to increase 

central sensitization (Coull et al. 2003). 

Central sensitization may also be enhanced in the spinal cord by glial 

cells, mainly astrocytes and microglia. Astrocytes and microglia are 
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activated under conditions associated with enhanced pain (Wieseler-Frank 

et al. 2005). Thus, peripheral nerve injury activates spinal cord glia and 

these activated cells enhance pain by releasing neuroexcitatory glial 

proinflammatory cytokines (TNF, IL-1 and IL-6 ) and glutamate 

(Wieseler-Frank et al. 2005) (Figure 15). The complete 

neuroinflammatory process leading to the progression of the neuropathic 

pain requires the coactivation of both microglia and astrocytes (Colburn et 

al. 1999). Cytokines that are released by the activated microglia can be 

responsible for the subsequent activation of astrocytes, which permits the 

consolidation of the neuropathic pain state (John et al. 2004; Racz et al. 

2008b). These mechanisms open new perspectives regarding the 

development of novel analgesic compounds for the treatment of 

neuropathic pain.  

 

 

 

 

 

 

 
 

 

Figure 15: Peripheral nerve injury activates spinal cord non-neural glial cells 

(brown cell), which further enhances excitability in neurons by releasing 

cytokines and increasing glutamate.(adapted from Baron, R, 2006)  

 

Most animal experiments investigating the mechanisms involved in 

central sensitization have been concentrated on the dorsal horn of the 

spinal cord. However, sensitized neurons are also found in the thalamus 

and primary somatosensory cortex after peripheral nerve injury in rodents 
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(Guilbaud et al. 1992). Furthermore, magneto-encephalography, positron 

emission tomography and functional MRI studies demonstrate 

fundamental changes in the somatosensory cortical representation and 

excitability in patients with phantom limb pain, complex regional pain 

syndromes and central pain syndromes, (Flor et al. 1995; Maihofner et al. 

2005; Pleger et al. 2004; Willoch et al. 2004) as well as in experimental 

pain models (Baron et al. 1999; Baron et al. 2000). Interestingly, these 

changes correlate with the intensity of the perceived pain and disappear 

after successful treatment of the pain symptoms (Maihofner et al. 2004; 

Pleger et al. 2005). 

 

2.4 Treatment of neuropathic pain  

 

The current management of neuropathic pain includes non-

pharmacological and pharmacological therapies. The surgical treatment 

and the conservative interventions can be included in the first category. 

 

2.4.1 Non pharmacological treatment of neuropathic pain  

 

There are several non pharmacological treatments available to attenuate 

the neuropathic pain symptoms. Among these categories it is worth 

mentioning physiotherapy, trascutaneous electric nerve stimulation, 

manual therapies, percutaneous electrical nerve stimulation, acupuncture 

or electropuncture, magnetotherapy interferential therapy, low-level laser 

therapy, superficial heat, ultrasonography, psychological-cognitive 

behavioural techniques and chiropractic. However, there are situations in 

which the only effective solution to treat neuropathic pain is through 

surgery procedures. These situations mainly occur in the case of traumatic 

peripheral nerve injury, lumbar hernia, or in the case of tumours like 

neuromas that can also generate neuropathic pain. Surgical procedures 
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include surgical release of entrapped nerve in traumatic peripheral injury, 

removal of prolapsed nucleus pulposus material of an intervertebral disc 

in lumbar hernia or surgical excision in the case of tumors. 

The interventional techniques for neuropathic pain management can 

usually be considered when standard pharmacological treatments fail and 

psychological screening shows emotional stability (Moulin et al. 2007). 

Evidence of efficacy for these techniques is generally less than for 

pharmacological or surgical interventions. Intravenous lidocaine infusions 

are generally safe and can provide significant pain relief for two to three 

weeks at a time. Other interventional techniques are costly and labour-

intensive. Among these techniques, continuous spinal infusion of an 

opioid or clonidine via an implantable pump may be beneficial (Krames 

2002). Longitudinal studies of spinal cord stimulation have consistently 

shown significant pain relief in 50% to 60% of patients with extremity 

neuropathic pain (Carter 2004). 

 

2.4.2 Pharmacological treatment of neuropathic pain  

 

Large systematic reviews of neuropathic pain treatment have shown that 

only 60%-70% patients achieved moderate or better levels of pain relief 

after pharmacological treatment (Collins et al. 2000; Sindrup and Jensen 

1999). Intolerable side-effects often limit the ability to achieve adequate 

pain control with a single agent, leading either to discontinuation of 

specific agents or to progressive treatment strategies to optimize pain 

control for individual patients (Namaka et al. 2004). Even within the same 

disease, responses to neuropathic pain treatment may vary from patient to 

patient. Most patients receive multiple agents with divergent mechanisms 

of action that collectively work to diminish the peripheral and central 

manifestations of pain. In the last fifty years, the treatment of neuropathic 

pain has included antidepressants, antiepileptics, anticonvulsants, 
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antiarrhytmics, topical local anaesthetics, capsaicin and not without 

controversy, opioids (Baños et al. 2003). 

 

Antidepressants 

The antidepressants are drugs used in the treatment of chronic pain due to 

their analgesic and antidepressant properties and in many occasions 

represent the first line treatment for neuropathic pain. Indeed, tricyclic 

antidepressants have repeatedly been shown to reduce neuropathic pain 

(Sindrup and Jensen 1999). Their analgesic actions may be attributable to 

noradrenaline and 5-HT reuptake blockade (presumably enhancing 

descending inhibition), NMDA-receptor antagonism and sodium-channel 

blockade (Stahl 1998), or to the central potentiation of the endogenous 

opioid system (Schreiber et al. 1999). Several authors have reviewed the 

available clinical evidence of the efficacy of tricyclic antidepressants in 

controlled clinical trials (Sindrup and Jensen 1999). The main conclusion 

drew from these studies was that the tricyclics may alleviate 60-70% of 

patients with neuropathic pain in a wide rage of conditions, such as 

painful neuropathy, post therapeutic neuralgia, central post-stroke pain 

and direct nerve-injury pain (Baños et al. 2003). Otherwise, selective 5-

HT reuptake inhibitors (Sindrup and Jensen 1999) and mixed 5-HT–

noradrenaline reuptake inhibitors (venlafaxine and duloxetine) (Goldstein 

et al. 2005) do not appear to be as effective as tricyclic antidepressants 

like amitriptyline or nortriptylin (Finnerup et al. 2005). Side-effects of 

antidepressants treatment are frequent and include increased heart rate, 

drowsiness, dry mouth, constipation, urinary retention, blurred vision, 

dizziness, confusion, and sexual dysfunction. 

 

Anticonvulsivants  

Anticonvulsant drugs represent an important option in the treatment of 

neuropathic pain and they have shown to be effective almost four decades 
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ago (Baños et al. 2003). Several anticonvulsivants such as carbamazepine, 

phenytoine and more recently gabapentin, pregabalin and lamotrigine are 

used to treat neuropathic pain. Based on clinical trials, carbamazepine and 

phenytoin present modest efficacy in diabetic peripheral neuropathy 

(Finnerup et al. 2005). Both have significant adverse effects, making them 

generally poor candidates for first-line therapy. Carbamazepine, however, 

is still considered first-line therapy for trigeminal neuralgia, a unique 

neuropathic pain condition (Finnerup et al. 2005). Oxcarbazepine, a newer 

anticonvulsant structurally related to carbamazepine, may also be useful 

although only one randomized controlled clinical trial in diabetic 

peripheral neuropathy has been published (Dogra et al. 2005). Gabapentin 

is a voltage-gated calcium channel antagonist that has repeatedly 

demonstrated analgesic efficacy and improvements in mood and sleep in 

several clinical trials in neuropathic pain (Gilron 2007). Gabapentin 

effectiveness was comparable to amitryptiline in some clinical studies, but 

with fewer side-effects (Morello et al. 1999). Dizziness and somnolence 

are the most frequent adverse effects of gabapentin, although they are 

generally well tolerated. A gabapentin analogue that is currently widely 

used in the treatment of neuropathic pain is pregabalin. Pregabaline has a 

similar mechanism of action as gabapentin, but has higher calcium-

channel affinity, better bioavailability and showed effectiveness in clinical 

trials in diabetic peripheral neuropathy and postherpetic neuralgia studies 

(Gilron 2007). 

 

Opioids  

The effectiveness of opioids extends from nociceptive to neuropathic pain 

states (Smith 2008). Although neuropathic pain does not respond reliably 

to opioids, randomized clinical trials have shown effect of opioids in 

different neuropathies (Baños et al. 2003). Opioid compounds have 

important side-effects that can limit their use in some patients. Most of 
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them, such as nausea, vomiting, constipation, confusion and sedation are 

frequent and unavoidable consequences of their use. However, respiratory 

depression, the most feared effect of opioid, may be avoided with careful 

titration of opioid dosage and advice for a close monitoring of patients. 

Other important side-effects, such the development of tolerance and 

dependence can also be avoided when using an appropriate medical praxis 

(McCleane and Smith 2007). Nevertheless, the potential development of 

tolerance and dependence may complicate the use of these drugs in 

patients with non-cancer chronic pain and may represent sometimes an 

additional limitation for the clinical use of opioids (Benyamin et al. 2008).  

 

Drugs acting on NMDA receptors 

NMDA antagonists given as intravenous infusions have been reported to 

relieve neuropathic pains of different origin (Sang 2000). Oral NMDA 

antagonists, such as riluzole and memantine have been studied mainly in 

small trials in neuropathic pain, with either no or minor pain relieving 

effect (Finnerup et al. 2005). Unfortunately, available agents have limited 

efficacy and produce intolerable side-effects. Ketamine, an intravenous 

anaesthetic with NMDA-antagonist activity, has been found to be 

effective although with important psychomimetic side-effects that are 

dose limiting (Hocking and Cousins 2003).  

 

Drugs acting on noradrenergic pathways  

Presynaptically alpha-2 adrenergic receptors are present on small primary 

afferent neurons and their activation results in hyperpolarization and 

diminished release of neurotransmitters involved in relaying pain signals 

(Wolff et al. 2007). Alpha-2 adrenergic agonists also activate spinal 

cholinergic neurons, which may potentiate their analgesic effects (Roh et 

al. 2008a). Clonidine is an alpha2-agonist that blocks the release of P 

substance at the presinaptic level and the activation of nociceptive 
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neurons. mainly in the spinal cord (Roh et al. 2008a). Clonidine showed 

benefit in animal models of neuropathic pain (Roh et al. 2008a) and also 

in a subset of patients with painful diabetic neuropathy (Byas-Smith et al. 

1995) when administered intrathecal and transdermal, respectively.  

 

Cannabinoids and the neuropathic pain treatment  

The cannabinoids are analgesic agents with strong evidence of efficacy in 

animal models of neuropathic pain and increasing evidence of efficacy in 

humans. Thus, the systemic administration of the cannabinoid agonists 

WIN55,212,2, CP-55,940 and HU-210 reversed the mechanical 

hyperalgesia in a rat neuropathic pain model of sciatic ligation model (Fox 

et al. 2001). WIN55,212,2 has also been shown to reduce thermal and 

mechanical hyperalgesia as well as mechanical allodynia in two different 

neuropathic pain models, the spinal nerve ligation and the chronic 

constriction injury (Bridges et al. 2001a; Herzberg et al. 1997). Studies 

using knockout animals have demonstrated that overexpression of CB2 

cannabinoid receptor in mice attenuated the behavioural manifestations of 

neuropathic pain, whereas these neuropathic pain manifestations were 

increased in knockout mice deficient of CB2 receptors (Racz et al. 2008b; 

Racz et al. 2008a). In accordance, several CB2 agonists were efficient to 

attenuate the manifestations of neuropathic pain in the rat spinal nerve 

ligation model (Thakur et al. 2009). 

In clinical trials, dronabinol has been shown to produce modest analgesia 

in a randomized trial of central pain in multiple sclerosis patients 

(Svendsen et al. 2004). Sativex® , a 50/50 mixture of tetrahydrocannabinol 

and cannabidiol in the form of an oral mucosal spray provided significant 

benefit in another trial of central pain in multiple sclerosis (Rog et al. 

2005). 
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Other drugs used for neuropathic pain treatment 

Lidocaine patches (5%) are attractive options for the neuropathic pain 

treatment because they may cause minimal systemic side-effects. The 

lidocaine patch has been shown to relieve localized pain in postherpetic 

neuralgia with no incidence of significant side-effects (Finnerup et al. 

2005). In addition, lidocain patches were found efficient in a prospective 

clinical trial in other types of neuropathic pain such as postmastectomy 

pain, intercostals neuralgia and painful diabetic peripheral neuropathy 

(Vadalouca et al. 2006). 

Capsaicin, an ingredient of hot peppers, is an agonist of the TRPV1 

where acts to produce its known burning and analgesic effects. The 

analgesic effects of capsaicin are a consequence of repeated activation of 

the VR1 receptors that finally desensitize them (Baños et al. 2003) The 

analgesia produced by capsaicin is preceded by an intense burning 

sensation that corresponds to the activation of VR1. This dual effect is 

poorly tolerated by some patients and, hence, new drugs that do not 

stimulate the VR1 and that still have the blocking action are needed. The 

results of randomized control trial that compared topical capsaicin with 

placebo in patients with painful diabetic peripheral neuropathy, 

postherpetic neuralgia, and post-mastectomy pain have been inconsistent 

(Finnerup et al. 2005; Mason et al. 2004). Interpretation of efficacy is 

problematic in these studies because the burning sensation associated with 

capsaicin use may have compromised blinding in the trials in which 

superiority to placebo was found. 

Baclofen, a GABA β-receptor agonist, is a muscle relaxant that has shown 

effectiveness in trigeminal neuralgia (Fromm et al. 1984). It has also been 

shown that intrathecal baclofen suppresses central pain in patients with 

spinal lesions (Herman et al. 1992). 

Mexiletine is a local anaesthetic and antiarrythmic agent acting through 

the blockade of sodium channels. In patients with painful diabetic 
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peripheral neuropathy and other types of neuropathic, mexiletine has 

shown either modest benefits or no differences compared to placebo 

(Finnerup et al. 2005; Tremont-Lukats et al. 2005). When evidence of 

efficacy was found in these trials, it was at higher dosages, which are 

often poorly tolerated because of side-effects.  

 

2.5 New targets for the neuropathic pain treatment 

 

2.5.1 Adenosine 2A receptors and neuropathic pain  

 

2.5.1.1 Adenosine and the adenosine receptors The presence of 

adenosine receptors has been demonstrated in almost every tissue or organ 

examined (Fredholm et al. 2000; Fredholm et al. 2001a). Adenosine, a 

purine nucleoside, is produced in response to metabolic stress and cell 

damage, ischemia, hypoxia, inflammation and trauma (Hasko and 

Cronstein 2004). The main pathway leading to high extracellular 

adenosine levels during metabolic stress is the release of precursor 

adenine nucleotides, mostly ATP, from the cell followed by extracellular 

catabolism to adenosine by a cascade of ectonucleotidases (Zimmermann 

2000). Another significant source of extracellular adenosine is 

intracellular adenosine, which is released through nucleoside transporters 

when intracellular adenosine levels rise (Hasko and Pacher 2008). This 

occurs mostly as a result of degradation of intracellular ATP in ischemic 

conditions. Adenosine produces a wide range of physiological responses 

by binding to and activating four cell surface adenosine receptors, 

designated as A1, A2A, A2B and A3. The adenosine receptors contain seven 

transmembrane domains and couple to intracellular GTP-binding proteins 

(G proteins). Adenosine can activate A1, A2A, and A3 receptors with high 

potency whereas the potency of adenosine at A2B receptors is lower 

(Fredholm et al. 2001b). As physiological adenosine concentrations rarely 
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exceed 1 μM, physiological levels of adenosine can activate A1, A2A, and 

A3 receptors, whereas A2B receptor activation requires pathophysiological 

conditions. In general, A1 and A3 receptors are coupled to Gi/o proteins 

and their stimulation decreases the intracellular cAMP levels. A2A and A2B 

receptors are coupled to Gs proteins and stimulate adenylyl cyclase and 

cAMP accumulation (Figure 16).  

Figure 16: Adenosine receptors. The A1 and A3 coupled to Gi protein inhibit the 

adenylate cyclase. The A2A and A2B receptors coupled to Gs protein stimulate the 

adenylate cyclase 

 

The distribution of the A1 and A2A receptors has been well characterized 

because the appropriate pharmacological tools, including radioligands and 

knockout animals, are available. In the case of the A2B and A3 receptors, 

less data are available due to the absence of these experimental tools. 

The overall distribution of adenosine receptors in the brain is similar in 

rodents, humans, or other primates (Dixon et al. 1996; Moreau and Huber 

1999). In rodents, there is a high density of A1 adenosine receptors in the 

SNC in areas such as cortex, cerebellum and dorsal horn of spinal cord 

(Fredholm et al. 2001a). The A2A adenosine receptors are highly 
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expressed in the striatum, nucleus accumbens and olfactory bulb and is 

also present in lower concentrations in thalamus and hippocampus 

(Sebastiao and Ribeiro 1996).  

Both A1 and A2A adenoine receptors are mostly located presynaptically in 

the brain, whereas A1 receptors have also a significant post-synaptic 

localization. The striatum is clearly the exception, where A2A receptors are 

most densely located post-synaptically. Apart from this predominant 

neuronal localization, both A1 and A2A receptors are also located in 

astrocytes and microglia, A1 receptors are present in oligodendrocytes and 

A2A receptors in blood vessels (Cunha 2005). 

The purinergic receptors (A1 A2A A2B A3) are also found in the peripheral 

tissues as well including the heart, lungs, kidney and liver among others 

(Table 7). 
 

Table 7. Summary of adenosine receptors distribution (modified from Fredholm 

et al, 2001) 
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Given this wide distribution, the A2A adenosine receptors are involved in 

various physiological responses and pathological conditions. Thus, these 

receptors participate in the regulation of motor functions, anxiety,  

aggressiveness, stress, motivation, reward processes, memory, aging, pain, 

sleep and wakefulness (Moreau and Huber 1999). 

 

2.5.1.2 A2A receptors and pain  

Adenosine plays an important role in the modulation of pain and the 

receptors initially thought to be predominantly involved were the A1 

adenosine receptors. However, a special attention was conferred in the last 

years to the role of A2A adenosine receptors in pain modulation. As 

described in the previous paragraphs, A2A adenosine receptor is mainly 

localized in the brain, in the dorsal and ventral striatum, which have no 

major role in the pain circuitry. However, nociceptive neurones reach both 

the dorsal and ventral striatum (Newman et al. 1996) and, like many areas 

of the limbic system, modulates pain processing (Millan 1999). In 

addition, the presence of A2A has also been demonstrated in the 

somatosensory cortex (Johansson et al. 1997; Kelly et al. 2004), which 

provides a potential role of these receptors in the central integration of 

pain. Early studies suggested that A2A receptors were present in the dorsal 

spinal cord of the rat (Choca et al. 1987), but not in the mice (Bailey et al. 

2002). In agreement, recent immunohistochemistry studies coupled with 

functional electrophysiology have shown responses to the A2A selective 

agonist CGS 21680 in the rat spinal cord (Brooke et al. 2004) and these 

receptors have been proposed to be located on presynaptic inhibitory 

terminals of descending fibers from higher centers (Brooke et al. 2004). 

Thus, the possibility of spinal effects of A2A receptor activation in the 

modulation of pain cannot be excluded. The A2A receptor gene is also 

expressed in the DRG (Kaelin-Lang et al. 1998) and a retrograde transport 

of the receptor to the peripheral terminals has been proposed in sensory 
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nerve fibers suggesting that another site of A2A receptor modulation of 

pain could to be at peripheral nerve terminals (Sawynok 1998). 

In addition to these data, an important location of the A2A receptor for pain 

modulation is at the microglia and astrocyte level. Astrocytes are the 

major population of glial cells in the CNS and they undergo a process of 

proliferation, changes in gene expression and morphology (hypertrophy of 

cell bodies, thickening and elongation of astrocytic processes) in response 

to noxious stimuli (Liberto et al. 2004). This process, which is termed 

astrogliosis, is associated with enhanced release of growth factors and 

neurotrophins (Liberto et al. 2004). Astrocytes activation is also 

associated with enhanced production of inflammatory cytokines, increased 

expression of major histocompatibility complex II and augmented release 

of free radicals (Dong and Benveniste 2001). On the other hand, microglia 

responds rapidly and relatively uniformly to several kinds of injury with 

characteristic morphological changes, proliferation, upregulation of cell-

surface molecules and production of soluble mediators. It has been 

reported that the blockade of A2A adenosine receptor has neuroprotective 

effects in several pathological situations by inhibiting the proliferation of 

both astrocytes and microglia (Hasko et al. 2005) (Figure 17) 

 

 

 

 

 

 

 

 

 
Figure 17. Regulation of astrocyte and microglial cells proliferation and 

apoptosis by adenosine receptors.  

Microglia activation Microglia activation 
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Although sometimes contradictory, both pharmacological and genetical 

studies have also confirmed the involvement of A2A receptors in pain 

modulation. Thus, the A2A receptor agonists, CGS 21680 and DPMA 

showed antinociceptive effects in the writhing test, a visceral pain model 

(Bastia et al. 2002; Pechlivanova and Georgiev 2002). CGS 21680 also 

induced antinociception in thermal tests after intrathecal administration 

(Suh et al. 1997) and in inflammatory (Poon and Sawynok 1998) and 

neuropathic pain models (Lee and Yaksh 1996). However, CGS 21680 

has been shown both antinociceptive (Borghi et al. 2002) and 

pronociceptive effects in the formalin test in rats (Doak and Sawynok 

1995). The same antinociceptive and pronociceptive effects were 

observed with the A2A receptor agonist APEC in mice (Karlsten et al. 

1992). A2A receptor agonists are also pronociceptive in a mechanical paw 

pressure test in the rat (Taiwo and Levine 1990). Studies with A2A 

receptor antagonists have been rather more consistent. SCH 58261 an A2A 

antagonist, has antinociceptive effects in the writhing (Bastia et al. 2002), 

tail flick and hot plate test (Godfrey et al. 2006). In contrast, the A2A 

receptor antagonist, DMPX, did not produce antinociception in the 

writhing test in mice (Pechlivanova and Georgiev 2002), but did reverse 

formalin-induced flinching responses in the rat (Doak and Sawynok 

1995). Genetical studies showed that A2A receptor knockout mice (Ledent 

et al. 1997) presented hypoalgesia in the tail immersion and hot-plate test 

(Bailey et al. 2002; Godfrey et al. 2006), but these thermal nociceptive 

responses were not altered at lower temperature (Bailey et al. 2002). In 

addition, the nociceptive latencies were not modified in these knockout 

mice in the tail pressure test (Bailey et al. 2002). Moreover, A2A receptor 

knockout mice had reduced biting and flinching responses to intraplantar 

formalin injection. In spite of this wide evidence suggesting a possible 

role of A2A adenosine receptor in pain modulation, little information has 
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been provided about the specific involvement of these receptors in 

neuropathic pain. 

 

2.5.2 Sigma-1 receptors and pain  

 

2.5.2.1 Clasification, distribution and functions Sigma (σ) receptors 

were first defined as a subclass of opioid receptors (Skuza and Wedzony 

2004) and later confounded with the high affinity phencyclidine (PCP) 

binding sites (Skuza and Wedzony 2004). However, today sigma 

receptors are considered as unique binding sites, distinct from opioid and 

PCP receptors and related to independent brain function (Skuza and 

Wedzony 2004). Biochemical and pharmacological studies suggest that 

there are several subtypes of sigma receptors, but only two have been well 

characterized at the present moment: sigma-1 and sigma-2 receptor 

(Bowen 2000; Hellewell and Bowen 1990; Quirion et al. 1992). In 

addition, only the sigma-1 receptor has been recently cloned from various 

sources, including guinea-pig liver (Hanner et al. 1996), human placental 

choriocarcinoma cells (Kekuda et al. 1996), human brain (Prasad et al. 

1998), rat brain (Mei and Pasternak 2001; Seth et al. 1998), and mouse 

brain (Pan et al. 1998). It was suggested that sigma-1 receptor includes a 

single putative transmembrane domain based on hydropathy analysis of 

the amino acid sequence of this receptor (Mei and Pasternak 2001). 

However, recent studies suggest that the sigma-1 receptor has two 

transmembrane segments (Aydar et al. 2002) (Figure 18). Despite of 

considerable advances in understanding the sigma receptors over the past 

years, an endogenous ligand has not yet been found (Guitart et al. 2004). 

The amino acid sequence of the sigma receptor is not consistent with that 

of a classical G protein- coupled receptor, which makes especially 

difficult to predict the effects of agonists or antagonists of this receptor, at 
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least when considering the traditional way of direct linkage to stimulation 

or inhibition of intracellular signalling pathways. 

 

 

 

 
 

 
 
 

 

Figure 18 The two structural models that have been proposed for the sigma-1 

receptor: with a single putative transmembrane domain (A) and two putative 

transmembrane domains (B) (adapted form Guitart, X et al, 2004) 

  

The hydrophobic region has been suggested to be important for the 

binding of (+)- pentazocine (Yamamoto et al. 1999), although it has not 

been yet elucidated whether this binding site is shared by neurosteroids. 

Nevertheless, biochemical (Beart et al. 1989; Connick et al. 1992; Itzhak 

1989) and pharmacological studies (Gonzalez-Alvear and Werling 1995; 

Monnet et al. 1992; Pascaud et al. 1993) have identified a substantial 

number of molecules with activity as agonists or antagonists of sigma-1 

receptors such as (+)-pentazocine (Chaki et al. 1994), OPC-14523 (Oshiro 

et al. 2000) and sertraline (Schmidt et al. 1989) as a putative agonists, and 

haloperidol, (Chaki et al. 1994) and SR31742A (Poncelet et al. 1993), as 

antagonists (Guitart and Farre 1998). Classical peptides and 

neurotransmitters have been shown to be ineffective in displacing 

selective sigma ligands from sigma receptors. Neurotransmitters that do 

not interact with the sigma receptor include 5-HT, norepinephrine, DA, 

and histamine (Haven-Hudkins and Fleissner 1992; Weber et al. 1986) as 

well as several amino acids, such as glutamate, glycine, aspartate, and 
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cysteine (Craviso and Musacchio 1983; Klein and Musacchio 1989) and 

peptides, such as the β-endorphin, dynorphins, enkephalins and substance 

P (Haven-Hudkins and Fleissner 1992; Samovilova et al. 1988).  

The distribution of this receptor in the adult rat CNS has been described 

using immunohistochemistry with a specific antibody against the sigma-1 

receptor (Alonso et al. 2000). High levels of sigma-1 immunostaining 

were found in neurons of specific brain regions, including the olfactory 

bulb, several hypothalamic nuclei, the septum, the central gray matter, 

certain motor nuclei of the hindbrain, and the dorsal horn of the spinal 

cord. Cells with intense immunostaining were also observed in the 

hippocampus particularly in the dentate gyrus. Only a small number of 

weakly stained cells was observed in the dorso-lateral striatum, whereas 

moderately immunostained cells were observed in the nucleus accumbens. 

The sigma- 1 receptor is also widely distributed in peripheral organs. 

Thus, binding assays and autoradiography studies showed that sigma-1 

receptors are present in the mucosal and submucosal regions of the 

digestive tract and with less labeling in the muscular regions (Samovilova 

and Vinogradov 1992). Sigma-1 receptors were also found in the liver 

(Dumont and Lemaire 1991; Hellewell et al. 1994; Maurice et al. 1996), 

kidney (Hellewell et al. 1994), heart (Ela et al. 1996; Jansen et al. 1992) 

and sexual organs (Jansen et al. 1992).  

Subcellular localization studies have shown that the sigma-1 receptor is 

primarily associated in the brain with neuronal perikarya and dendrites, 

and is localized in the plasma membrane, the mitochondrial membrane 

and the endoplasmic reticulum (McLean and Weber 1988; Hayashi and Su 

2001; Morin-Surun et al. 1999). Given this unusual distribution, it has 

been proposed that the sigma-1 receptor is translocated after activation 

from the endoplasmic reticulum to the plasma membrane or to the nuclear 

membrane (Hayashi and Su 2001; Morin-Surun et al. 1999). 
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A large number of pharmacological, biochemical, and lately genetical 

studies (Langa et al. 2003) has shown that sigma-1 receptors are involved 

in several physiological and pathological conditions. In the CNS, sigma-1 

receptors participate in the modulation of mood disorders, amnesic and 

cognitive deficits, reward circuits, movement disorders, and nociception 

(Guitart et al. 2004). In peripheral organs, sigma receptors could also be 

implicated in gastrointestinal movements under stress, duodenal 

bicarbonate secretion, contraction of vas deferens, regulation of plasma 

levels of corticosterone, prolactin, adrenocorticotropin and contractility of 

cardiac cells (Guitart et al. 2004). 

 

2.5.2.2 Sigma-1 receptors and pain  

 

A possible role for sigma receptors in antinociception was initially 

suggested from studies showing a relationship between sigma receptors 

and opioid analgesia (Chien and Pasternak 1993; Chien and Pasternak 

1994). Thus, an antiopioid role has been suggested for sigma-1 receptor 

since sigma-1 receptor antagonists potentiate opioid analgesia (Chien and 

Pasternak 1993; Chien and Pasternak 1994). Thus, sigma-1 antagonists, 

such as haloperidol, have no effect on withdrawal latencies in the tail-flick 

assay when given alone, but significantly increase morphine analgesic 

responses. Haloperidol also increased the antinociceptive responses of the 

selective κ-receptor agonists in the tail flick test, whereas the sigma-1 

agonist (+)-pentazocine produces opposite effects (Guitart et al. 2004). 

Treatment with sigma-1 receptor antisense oligodeoxynucleotides 

enhanced the antinociception produced by agonists of μ-, δ- and κ-opioid 

receptors in the tail flick test (Mei and Pasternak 2002). These data 

suggest that sigma-1 receptors modulate opioid-induced antinociception in 

acute models of pain. 
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Activation of NMDA receptors is involved in different types of chronic 

pain (Coderre and Melzack 1992; Petrenko et al. 2003). Interestingly, 

sigma-1 receptor agonists have been shown to potentiate NMDA-induced 

activation of neuronal firing (Debonnel and de 1996). In agreement, the 

expression of formalin-induced pain(Cendan et al. 2005) was reduced in 

sigma-1 receptor knockout mice through their known ability to modulate 

NMDA-mediated responses (Debonnel and de 1996). Furthermore, 

intrathecal administration of sigma-1 antagonists dose-dependently 

reduced formalin and nerve injury-induced pain (Kim et al. 2006; Roh et 

al. 2008b). Moreover, mice lacking sigma-1 receptors showed decreased 

levels of thermal and mechanical allodynia after partial sciatic nerve 

ligation induced neuropathic pain (Puente et al. 2009). Therefore, the 

sigma-1 receptor is a constituent of the mechanisms modulating pain 

sensitization and could represent a new potential target for drugs designed 

to alleviate neuropathic pain.  

 

2.6. Experimental models for neuropathic pain evaluation 

Animal models of neuropathic pain are essential to improve the research 

in order to better understand the mechanisms underlying the 

pathophysiology of this disease and to design novel therapeutic strategies 

to obtain new compounds for clinical use (Bridges et al. 2001) The 

experimental animal models of neuropathic pain developed in the last 

three decades include both CNS and peripheral nerves injuries. The last 

category includes a higher variety of models due to the better 

accessibility, and includes neuropathic pain induced by injury (nerve 

injury or constriction), physical methods (laser or cryogenics), metabolic 

disorder (diabetes), neurotoxicity (chemotherapic agents like paclitaxel 

and cisplatin), immunological induction (Freud adjuvant [FA], tumour 

necrosis factor [TNF] and nerve growth factor [NGF]). Table 8 

summarises the main neuropathic pain experimental models. 
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Table 8. The main neuropathic pain experimental models 

 

Most of the currently used neuropathic pain models share alterations in 

hind-paw cutaneous sensory thresholds following partial injury of a 

peripheral (usually sciatic) nerve as a common feature. Demonstration of 

hyperalgesia to noxious thermal stimuli and allodynia to cold and 

mechanical stimuli are currently used as outcome measures. The three 

most commonly used peripheral models are the chronic constriction injury 
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(CCI) of sciatic nerve (Bennett and Xie 1988), the partial sciatic nerve 

ligation model (PSNL) (Malmberg and Basbaum 1998; Seltzer et al. 

1990) and the spinal nerve ligation model (SNL) (Kim and Chung 1992) 

(Figure 19).  

 

 
 
 
 
 
 
 
 
 
 

Figure 19. Schematic drawing of the partial sciatic nerve ligation (tight ligation 

of 33–50% of the sciatic nerve trunk), CCI (loose ligations of the sciatic nerve 

trunk), and SNL (tight ligation and transection of the L5 and L6 spinal nerves) 

animal models of neuropathic pain (adapted from Bridges et al, 2001) 

 

The CCI model consists of the loose ligation of the sciatic nerve at mid-

thigh level with chromic gut sutures (Bennett and Xie 1988). An 

inflammatory reaction develops in response to the catgut and 

consequentially a loss of most A-fibers and some C-fibers occurs, 

although few cell bodies are lost (Tandrup et al. 2000). This injury is 

associated with spontaneous pain-related behaviour, allodynia and 

hyperalgesia. A significant inflammatory component is associated to the 

development of the painful neuropathy since the CCI rats exposed to this 

procedure showed decreases thermal hyperalgesia after anti-inflammatory 

treatment (Wagner et al. 1998). In addition, there is a large degree of 

operator variability in this model, depending on differences in the 

tightness of the ligatures (Bridges et al. 2001). The PSNL model also 

consists of injury to the sciatic nerve at mid-thigh level. In this model, a 
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tight ligation is created around 33–50% of the sciatic nerve, leaving the 

rest of the nerve ‘uninjured’ (Malmberg and Basbaum 1998; Seltzer et al. 

1990). This is associated with the development of spontaneous pain-like 

behaviour, allodynia and hyperalgesia. Although this model is regarded as 

having less inflammatory component than the CCI model, there is still 

high variability depending on the number of ligated neurones per animal. 

In addition, it is not easy to relate the PSNL injury to a specific DRG or 

level of the spinal cord since usually a random mixture of L4 and L5 

spinal nerve afferents are injured (Bridges et al. 2001). The SNL model 

consists of injury to the L5 and L6 spinal nerves, that contribute to the 

sciatic nerve (Kim and Chung 1992). This injury is also associated with 

the development of spontaneous pain-like behaviour as well as long 

lasting allodynia and hyperalgesia. A tight ligation of only the L5 spinal 

nerve resulted in comparative symptoms to the L5 and L6 ligation group 

and hence some experimenters now use this procedure as a modified SNL 

model (Bridges et al. 2001). SNL model allow to examine cellular 

responses to the injury at the DRG level since the L5 and L6 DRGs are 

affected, whereas the L4 DRG is not (Li et al. 2000). 

These existing animal models allow the study of the manifestations of 

neuropahic pain, the neurobiological mechanism involved and the efficacy 

of possible pharmacological treatments. However, the different 

compounds tested in the currently available models are administered in a 

non contingent manner, which limits the evaluation of their efficacy and 

possible side-effects. Therefore, it would be of great interest to develop 

new animal models allowing the contingent administration of the 

analgesic compounds by the animal suffering pain. This would represent 

an important advance for the evaluation of the new therapeutic strategies 

since the results obtained in these models would certainly have a better 

extrapolation to the human clinical situation. In addition, these models 

would also permit the measurement of a large range of behavioural 
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responses that would be difficult to determine in a non contingent model, 

such as the abuse liability of the new compounds that could be easily 

evaluated using the appropriate controls in a contingent model of self-

administration of the analgesic compounds. Therefore, these new models 

would provide more valuable information to predict the clinical 

benefit/risk ratio of new analgesic compounds to treat chronic pain. 
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Objective 1 
 
To investigate the possible interactions between the cannabinoid and 

cholinergic systems in memory and learning processes by using genetic 

and pharmacological approaches in two different behavioural models, the 

active avoidance and the object recognition test.  

 

Article #1 

SA Bura, A Castañé, C Ledent, O Valverde and R Maldonado (2007). 

“Genetic and pharmacological approaches to evaluate the interaction 

between the cannabinoid and cholinergic systems in cognitive processes”. 

British Journal of Pharmacology,  150(6):758-65. 

 

Objective 2 
 
To evaluate the effects of chronic nicotine administration and withdrawal 

in food intake, metabolic parameters and anxiety-like behaviour in CB1 

knockout mice and wild-type littermates using a new highly sensitive food 

and drink monitoring system developed in collaboration with our 

laboratory. 

 

Article # 2 

S.Andreea Bura, Aurelijus Burokas, Elena Martín-García, Rafael 

Maldonado (2010). “Effects of chronic nicotine on food intake and 

anxiety-like behaviour in CB1 knockout mice”. European 

Neuropsychopharmacology, 20(6):369-378. 
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Objective 3 
 
To assses the possible involvement of adenosine A2A receptors in the 

development of neuropathic pain and the expression of microglia and 

astrocytes in the spinal cord after sciatic nerve injury. 

 
Article # 3 

S. Andreea Bura, Xavier Nadal , Catherine Ledent , Rafael Maldonado 

and Olga Valverde “ (2008). A2A adenosine receptor regulates glia 

proliferation and pain after peripheral nerve injury”. Pain, 140(1):95-103. 

 

Objective 4 
 
To set-up a new operant model of drug self-administration in mice 

exposed to neuropathic pain that can be used to evaluate the therapeutic 

potential and possible side-effects of novel compounds for neuropathic 

pain. 

 

Article # 4 

S.Andreea Bura, Thomas Guegan, Daniel Zamanillo, José Miguel Vela 

and Rafael Maldonado. “A new operant model in mice to evaluate the 

therapeutic potential of novel compounds for neuropathic pain”. 

Manuscript in preparation to be sent to Pain. 
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ARTICLE #1 
 

 

 

 

 

 

Objectives: 
To investigate the possible interactions between the cannabinoid and 

cholinergic systems in memory and learning processes by using genetic 

and pharmacological approaches in two different behavioural models, the 

active avoidance and the object recognition test.  

Main results: 
-  Nicotine (0.5 mg/kg) did not modify the performance of CB1 

knockout mice and wild-type mice in the active avoidance model, 

whereas scopolamine (0.5 mg/kg) impaired the performance in 

both genotypes. 

-  Physostigmine (0.1 mg/kg) increased the active avoidance 

performance in wild-type, but not in CB1 knockout mice.  

- Rimonabant given in a wide range of doses did not modify the 

performance in the active avoidance test, given alone or co-

administered with nicotine. 

- Nicotine enhanced the performance in the object recognition task 

but this response was attenuated by rimonabant co-administration.  

Conclusion: 
The present findings revealed that the cognitive effects of nicotine and 

physostigmine are attenuated in the absence of CB1 receptor activity. 

Genetic and pharmacological approaches to evaluate 
the interaction between the cannabinoid and 
cholinergic system in cognitive processes 

Bura SA, Castañe A, Ledent C, Valverde O, Maldonado R 

Br J Pharmacology (2007); 150(6):758-65.
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Scopolamine effects are independent from CB1 receptors, whereas nicotine 

and physostigmine effects are mediated by these receptors. 
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ARTICLE #2 
 

 

 

 

 

 

Objectives: 
To evaluate the consequences of non contingent chronic nicotine 

administration and its withdrawal in food intake and preference, metabolic 

parameters and emotional behaviour in CB1 knockout mice and wild-type 

littermates. 

Main results: 
-  The deleterious effects of the high fat diet on metabolic 

parameters as well the effects of nicotine on anxiogenic-like 

responses and body weight were prevented in CB1 knockout mice. 

- Mutant mice showed lower preference for high palatable drink in 

the absence of nicotine treatment  

- Nicotine reduced body weight in wild-type mice but not in CB1 

knockout mice  

- Anxiogenic-like effects of nicotine were found in wild-type 

animals, but not in CB1 knockout mice. 

Conclusion: 
These results provide a new evidence of the important role played by the 

endocannabinoid system in the pharmacological responses of nicotine that 

will be useful to better understand the interaction between nicotine and 

cannabinoid compounds. 

Effects of chronic nicotine on food intake and 
anxiety-like behaviour in CB1 knockout mice  

S.Andreea Bura, Aurelijus Burokas, Elena Martín-García 
and Rafael Maldonado 
Eur Neuropsychopharmacol. (2010); 20(6):369-378 
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ARTICLE #3 
 

 

 

 

 

 

 

Objectives: 
To evaluate the possible involvement of A2ARs in the development of 

neuropathic pain and the expression of microglia and astrocytes in the 

spinal cord after sciatic nerve injury. 

Main results: 
- In wild-type animals, sciatic nerve injury led to a neuropathic pain 

syndrome characterized by the presence of mechanical and 

thermal allodynia, as well as thermal hyperalgesia. 

- A significant decrease of the mechanical allodynia and a 

suppression of thermal hyperalgesia and allodynia were observed 

in A2AR deficient mice. 

- The expression of microglia and astrocytes was enhanced in wild-

type mice exposed to sciatic nerve injury and this response was 

attenuated in knockout animals. 

Conclusion: 
Our results demonstrate the involvement of A2ARs in the control of 

neuropathic pain and propose this receptor as an interesting target for the 
development of new drugs for the management of this clinical syndrome. 

 

A2A adenosine receptor regulates glia proliferation 
and pain after peripheral nerve injury 

S. Andreea Bura, Xavier Nadal , Catherine Ledent , Rafael 

Maldonado and Olga Valverde 

Pain, (2008); 140(1):95-103. 



________________________________________________Results 

 110 

 

 

 

U48820
Cuadro de texto
Bura SA, Nadal X, Ledent C, Maldonado R, Valverde O. A2A adenosine receptor regulates glia proliferation and pain after peripheral nerve injury. Pain. 2008; 140(1): 95-103.  

http://dx.doi.org/10.1016/j.pain.2008.07.012
http://dx.doi.org/10.1016/j.pain.2008.07.012


________________________________________________Results 

 120 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



________________________________________________Results 

 121 

ARTICLE #4 
 

 

 

 

 

 

 

Objectives:  

To validate a new operant model of drug self-administration in mice 

exposed to neuropathic pain that can be used to evaluate the therapeutic 

potential of novel compounds for neuropathic pain. 

Main results: 
- Neuropathic pain was significantly reduced in animals exposed to 

partial sciatic nerve ligation self-administering the sigma 

antagonist S1RA at both doses tested (3 and 6 mg/kg/infusion). 

- Both sham-operated and partial sciatic nerve ligated mice 

acquired a stable operant responding behaviour to obtain S1RA at 

the dose of 3 mg/kg/infusion. However, only partial sciatic nerve 

ligated mice acquired the operant responding to obtain the highest 

dose of S1RA (6 mg/kg/infusion). 

- Mice exposed to partial sciatic nerve ligation showed an 

anhedonic state revealed by a decreased consumption of palatable 

drink that was significantly attenuated by S1RA chronic 

administration (25 mg/kg) twice daily during 10 days. 

Conclusion: 

A new operant model in mice to evaluate the therapeutic 
potential of novel compounds for neuropathic pain 
 
S.Andreea Bura, Thomas Guegan, Daniel Zamanillo, José Miguel 

Vela and Rafael Maldonado 

Manuscript in preparation to be sent to Pain  
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The present findings reveal the analgesic efficacy of the new sigma 

receptor antagonist, S1RA, in neuropathic pain. This effect was associated 

to an improvement of the emotional negative consequences of chronic 

pain. S1RA administered at the highest dose was devoid of abuse liability. 

The operant responses evaluated in this animal model can have a high 

predictive value to estimate the clinical benefit/risk ratio of new analgesic 

compounds to treat chronic pain, such as S1RA. 
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Abstract 

The treatment of neuropathic pain is unsatisfactory at the present moment due to the 

side effects and/or insufficient efficacy of the currently available drugs. The aim of this 

study was to validate a new operant model of drug self-administration in mice exposed 

to neuropathic pain that can be used to evaluate the therapeutic potential of novel 

compounds for neuropathic pain. First, chronic pain was developed in mice by a partial 

ligation of the sciatic nerve. Once that chronic pain had reached a steady-state, mice 

were trained to maintain an operant behaviour to self-administer a new analgesic 

compound, the sigma receptor antagonist S1RA (3 and 6 mg/kg/infusion), which has 

been previously reported to alleviate neuropathic pain manifestations. The possible 

abuse liability of the analgesic compound was identified by evaluating the self-

administration behaviour in sham-operated mice. The anhedonic state related to chronic 

pain and the influence of S1RA treatment on this emotional response was also evaluated 

by measuring the preference for palatable drink (2 % sucrose solution) using a new 

highly sensitive behavioural device (Phecomp food and drink monitoring system). Both 

sham-operated and partial sciatic nerve ligated mice acquired a stable operant 

responding to obtain S1RA at 3 mg/kg/infusion, althought only partial sciatic nerve 

ligated mice acquired the operant responding to obtain the highest dose of S1RA (6 

mg/kk/infusion). After 10 days of training on the drug self-administration paradigm, 

neuropathic pain was significantly reduced in animals exposed to partial sciatic nerve 

ligation receiving S1RA at both doses (3 and 6 mg/kg/infusion). In addition, mice 

exposed to partial sciatic nerve ligation showed an anhedonic state revealed by a 

decreased consumption of palatable drink that was significantly attenuated by S1RA (25 

mg/kg). Our results reveal the analgesic efficacy of the new sigma receptor antagonist, 

S1RA, in neuropathic pain. This effect was associated to an improvement of the 
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emotional negative consequences of chronic pain. S1RA administered at the highest 

dose was devoid of reinforcing effects. The operant responses evaluated in this animal 

model can have a high predictive value to estimate the clinical benefit/risk ratio of new 

analgesic compounds to treat chronic pain, such as S1RA. 

 

Key words: sigma receptor, S1RA, self-administration, anhedonia, allodynia, 

hyperalgesia 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

125



 4

1. Introduction  

Neuropathic pain is defined by the International Association for the Study of Pain 

(IASP) as pain initiated or caused by a primary lesion or dysfunction in the nervous 

system that is often associated with hyperalgesia, allodynia, spontaneous pain and 

emotional alteration. Several compounds are currently used to treat neuropathic pain 

[2;31]. However, these compounds have a limited efficacy and present side effects that 

can limit their use. One of the most important side effects is the potential development 

of abuse liability and hypolocomotion that represent serious limitation for the clinical 

use of some drugs. The relationships between treatment of chronic pain and addiction 

are largely recognise [1;14]. There are certain regions of the brain, such as the nucleus 

accumbens and the anterior cingulated gyrus that are involved in both pain and 

addiction. It has been suggested that there may be a shared neural system for mediaing 

both aversive and rewarding stimuli [4]. Moreover, both chronic pain and addiction 

involve sensitization and synaptic plasticity which alter the responses of the nerve 

circuits to sensory inputs, including the painful stimuli [16]. At present, the most 

reliable technique to evaluate the relationships between chronic pain and addiction in 

preclinical research is the operant drug self-administration paradigm. Studies in rats, 

showed that chronic pain altered drug self-administration [10;17] and in animals 

exposed to neuropathic pain, heroin and methadone were more effective in maintaining 

self-administration when administered at analgesic doses, whereas lower doses of these 

two opioids were similarly self-administered in both nerve-injury and control rats [21]. 

In spite of these data, there is no animal model with high predictive value to estimate 

the clinical benefit/risk ratio of new analgesic compounds to treat chronic pain. Thus, 

nowadays severe pain treatment remains an open issue to deal with and there is an 

urgent need for more effective drugs and new animal models with high predictive value 
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to evaluate the analgesic and side effects of new compounds. A possible animal model 

developed in mice could open new perspectives given the possibility to identify specific 

genes involved in the relationships between pain and addiction thanks to the new lines 

of genetically modified mice now available.  

In the last years, a special attention has received the sigma 1 receptor (σ1R) and its 

implication in pain modulation. σ1Rs are expressed in key areas for pain control such as 

the superficial layers of the dorsal horn, periaqueductal gray matter, locus coeruleus and 

rostroventral medulla [11]. Both, genetical studies employing σ1R knockout mice and 

pharmacological blockade of these receptors revealed decrease behavioural 

manifestation of neuropathic pain in a partial sciatic nerve ligation (PSNL) model. 

Furthermore, σ1Rs exert a modulatory role on the NMDA receptors, a key receptor 

involved in central sensitization present in chronic pain. These data indicate that σ1R 

play an important function in the development and maintenance of neuropathic pain and 

in the processes underling this pathology.  

The aim of this study was to validate a new operant model of drug self-administration in 

mice exposed to neuropathic pain that can be used to evaluate the therapeutic potential 

of novel compounds for neuropathic pain. Chronic pain was developed in mice by a 

PSNL. Once that chronic pain had reached a steady-state, mice were trained to maintain 

an operant behaviour to self-administer a new analgesic compound, the sigma receptor 

antagonist S1RA (3 and 6 mg/kg/infusion), which has been previously reported to 

alleviate neuropathic pain manifestations. The possible abuse potential of the analgesic 

compound was identified by evaluating the self-administration behaviour in sham-

operated mice. The anhedonic state related to chronic pain and the influence of S1RA 

treatment in this emotional response was also evaluated by measuring the preference for 

palatable drink (2 % sucrose solution) using a new highly sensitive behavioural device. 
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2. Materials and methods 
 
2.1 Animals 

Experiments were performed in C57BL/6 male mice (Charles River, France) weighting 

22–24 g at the beginning of the experiments. Mice were housed individually in a 

temperature (21 ± 1°C) and humidity-controlled (55 ± 10%) room. Mice were tested 

during the dark phase of a 12 h light/dark reverse cycle (light off at 08:00 AM, light on 

at 8:00 PM). Food and water were available ad libitum except during the training for the 

food maintained operant behaviour. In this sequence of the study animals had a 

restricted diet. Mice were isolated in individual cages, and habituated to their new 

environment and handled for 1 week, before starting the experimental procedure. The 

observer was blind to treatment in all the experiments. Animal procedures were 

conducted in accordance with the guidelines of the European Communities Directive 

86/609/EEC regulating animal research and approved by the local ethical committee 

(CEEA-IMAS-UPF). 

2.2 Drugs 

The sigma 1 receptor antagonist, S1RA, (Laboratorios Dr. Esteve, Barcelona, Spain) 

was dissolved in physiological sterile saline solution (0.9%) and administered 

intravenously (i.v.) in the self-administration paradigm and intraperitonealy (i.p.) in the 

behavioural paradigm used to evaluate anhedonia. 

2.3 Operant model to evaluate the therapeutic potential in neuropathic pain 

For the self-administration paradigm, mice were first trained to acquire an operant 

behaviour to obtain food. In a second step, mice were operated for the partial sciatic 

nerve injury and then intravenous catheters were implanted in order to train the animals 

to acquire an operant responding maintained by drug self-administration. The 

nociceptive behavioural tests were performed as indicated in Figure 1. 
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2.3.1 Acquisition of an operant responding to obtain food  

After 7 days of habituation, mice were food deprived during 3 days until they reached 

85% of their initial weight. The same food deprivation regime was maintained during 

the whole period of evaluation of food-operant behaviour. Water was available ad 

libitum during the whole experiment. Three days after starting food deprivation, mice 

were trained in operant chambers to nose-poke for food pellets as previously reported 

[3;27]. The experimental chambers contain two manipulanda (holes of 1.2 cm 

diameter), one was selected as active hole for delivering the reinforcer and the other as 

inactive hole. Nose-poking on the active hole resulted in a reinforcer (food pellet), while 

nose-poking on the inactive hole had no consequences. A stimulus light, located above 

the active hole, was paired contingently with the delivery of the reinforcer. Mice were 

trained during 10 days under a FR1 schedule of reinforcement, 1 nose-poke results 1 

food pellet delivery. A 10 sec time-out period was established after each reinforcement. 

During this 10 sec period the cue light was off and no reward was provided. Responses 

on the inactive hole and all the responses during the 10 sec time-out period were also 

recorded. The session was finished after 100 reinforces were delivered or after 1 hour 

whichever occurred first. After the last session of food-self-administration, food and 

water were available ad libitum. 

2.3.2 Partial sciatic nerve ligation 

Next day after the last session of food self-administration, animals were habituated for 

the neuropathic pain experiments, 2 hours to each different experimental test, (Von-Frey 

and plantar test). The following day, basal values were measured and then the partial 

ligation of the sciatic nerve at mid-thigh level was used to induce neuropathic pain, as 

previously described [7;18]. Briefly, mice were anaesthetized with isofluorane 

(induction, 5%; surgery, 2%) and the common sciatic nerve was exposed at the level of 
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the mid-thigh of the right hind paw. At 1 cm proximally to the nerve trifurcation, a 

tight ligature was created around 33–50% of the sciatic nerve using 9–0 18-inch non-

absorbable virgin silk suture (Alcon® surgical, Texas, USA), leaving the rest of the 

nerve 'undamaged'. The muscle was then stitched, and the incision was closed with 

wound clips. Control animals (sham-operated mice), underwent the same surgical 

procedure except that the sciatic nerve was not ligated. 

2.3.3 Nociceptive behavioural tests 

Hyperalgesia to noxious thermal stimulus and allodynia to cold and mechanical stimuli 

were used as outcome measures of neuropathic pain. The behavioural manifestations of 

neuropathic pain were evaluated the day before and 3 days after the PSNL, as well as 

the day before and 11 days after drug self-administration, by using the following 

behavioural models.  

2.3.3.1 Plantar test 

Thermal hyperalgesia was assessed in the plantar test (Ugo Basile, Varese, Italy), by 

measuring paw withdrawal latency in response to radiant heat as previously reported 

[7;15]. A cut-off time of 20 s was used to prevent tissue damage in the absence of a 

response. The mean paw withdrawal latencies for the ipsilateral and contralateral hind 

paws were determined from the average of three separate trials, taken at 5 min intervals 

to prevent thermal sensitization and behavioural disturbances.  

2.3.3.2 Von Frey paradigm 

Mechanical allodynia was quantified by measuring the hind paw withdrawal response to 

von Frey filament stimulation, as previously reported [7;8]. The filament of 0.4 g was 

first used. Then, the strength of the next filament was decreased when the animal 

responded or increased when the animal did not respond. This up-down procedure was 

stopped four measures after the first change in animal responding. The threshold of 

130



 9

response was calculated by using the up–down Excel program generously provided by 

the Basbaum's laboratory (UCSF, San Francisco, USA). Clear paw withdrawal, shaking 

or licking was considered as a nociceptive-like response. Both ipsilateral and 

contralateral hind paws were tested.  

2.3.3.3 Cold plate test 

Thermal allodynia to a cold stimulus was assessed by using the hot/cold-plate analgesia 

meter (Colombus, OH, USA), as previously described [5;7]. The number of elevations 

of each hind paw was recorded in the mice exposed to the cold plate (5 ± 0.5 C) during 

5 min. A score was calculated for each animal as the difference of number of elevations 

between ipsilateral and contralateral paw. 

2.3.4 Acquisition of drug self-administration  

Three days after sciatic nerve surgery and following the evaluation of the behavioural 

manifestation of neuropathic pain, mice were implanted with indwelling intravenous silastic 

catheter, as previously reported [27]. Briefly, a 6-cm length of silastic tubing (0.3 mm inner 

diameter, 0.6 mm outer diameter) (Silastic®, Dow Corning, Houdeng-Goegnies, Belgium) 

was fitted to a 22-gauge steel cannula (Semat, Herts, UK) that was bent at a right angle and 

then embedded in a cement disk (Dentalon Plus, Heraeus Kulzer, Wehrheim, Germany) with 

an underlying nylon mesh. The catheter tubing was inserted 1.3 cm into the right jugular vein 

and anchored with suture. The remaining tubing ran subcutaneously to the cannula, which 

exits at the midscapular region. All incisions were sutured and coated with antibiotic 

ointment (Bactroban, GlaxoSmithKline, Madrid, Spain). Food and water were available ad 

libitum during this experimental phase. Drug self-administration sessions were conducted for 

10 consecutives days as describe above for food-maintained responding, except that 

responses were maintained by drug delivery in a volume of 23.5 μl over 2 sec. Stable 

acquisition of self-administration behaviour was achieved when mice followed all the next 
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criteria for at least three consecutive sessions: (1) less than 20% of deviation from the mean 

of the total number of responses in active hole (80% of stability), (2) 85% of discrimination 

between holes, (3) a minimum of four infusions per session. After 10 days of drug self-

administration, mice were tested on a progressive ratio (PR) schedule for the dose they were 

trained on. In this paradigm, the requirement to earn an injection escalated according to the 

following series: 1-2-3-5-12-18-27-40-60-90-135-200-300-450-675-1000. The breaking 

point, defined as the last ratio completed before self-administration behaviour extinguished 

in a 2-h session, was determined for each animal once. Only the values of mice that reached 

the acquisition criteria were considered. After PR session neuropathic pain manifestations 

were measured and the patency of i.v. catheters was evaluated by infusion of 0.1 ml of 

tiobarbital (Figure 1). 

2.4 Anhedonia model  

Mice were individualized and habituated in a room with a reversed light/dark cycle with 

food and water ad libitum. The anhedonic state related with chronic pain and the effects 

of S1RA treatment on the emotional response were evaluated using a new food and 

drink monitoring system that we have recently developed in the laboratory in 

collaboration with Harvard Instruments (http://www. panlab.com/ panlabWeb/ 

Hardware/ php/ display Hard.php? campo=Metabolism&nameHard =PHECOMP) that 

allows to evaluate with an extremely high sensitivity (less than 0.02 g for both food and 

drink) the preference for a palatable food or/and drink. In this study, the anhedonic state 

was evaluated by measuring the preference for sucrose solution 2% as a palatable drink. 

After one week of habituation to the reversed light/dark cycle, mice were subjected to 

four 4 h session every second day during 1 week in the monitoring boxes in order to be 

familiarised with the new environment and drink taste. After each session, mice were 

replaced in their home cage. After this habituation period, baseline values of drink 
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intake were measured. Thus, mice were deprived for 2 h before starting the 4 h session 

in the monitoring box. One day after the baseline measurement, mice were exposed to 

partial sciatic nerve ligation or sham-operation and were then subjected every second 

day to the 2 h deprivation followed by the 4 h session in the monitoring box during 16 

days. The chronic treatment with S1RA started 7 days after PSNL. Mice were injected 

twice daily with S1RA (25 mg/kg i.p) or saline during 10 days. Animals received the 

first day injection 30 min before starting the 4 h session in the monitoring box and the 

second one immediately before the light period of the cycle started (Figure 7).  

2.9 Statistical analysis 

Data obtained in the plantar test, cold plate test and von Frey filament paradigm were 

compared each experimental day by using two-way ANOVA (surgery and treatment as 

between factors of variation), followed by Newman Keuls post hoc comparisons when 

required. The same statistical analysis was used for the data obtained the last day of 

drug self-administration, the breaking-point values obtained following the PR schedule 

and the mean of 10 days of sucrose preference on the anhedonia model. Data obtained 

in food self-administration paradigm were analysed using three-way ANOVA with 

repeated measures (surgery and treatment as between-subjects factors and day as 

within-subjects factor of variation). Pearson’s χ2 test was used to compare the 

percentage of sham-operated and PSNL mice that acquired criteria at the different doses 

tested. The differences between means were considered statistically significant when the 

p value was below 0.05. SPSS statistical package was used. 
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3. Results  

3.1 Food self-administration 

Three-way ANOVA, calculated for number of nose-pokes for the active and inactive 

hole, showed significant main effects of day (F(9, 459) = 23.599, p < 0.001; and F(9,468) = 

23.599, p < 0.001 respectively), no effect of surgery (F(1, 51) = 2.643, N.S.; and F(1, 52) = 

2.403, N.S. respectively) or treatment (F(1, 51) = 3.022, N.S.; and F(1, 52) = 0.666, N.S. 

respectively) and no interaction among these factors (F(9, 459) = 0.378, N.S.; and F(9,468) = 

1.814, N.S. respectively). The factors surgery and treatment were introduced in order to 

demonstrate that all groups were homogenous at the beginning of the drug self-

administration training (data not shown) 

3.2 Self-administration of sigma receptor 1 antagonist is increased in animals with 

PSNL 

On day 10 of drug self-administration, both sham-operated and PSNL mice showed an 

increased in the number of operant responses to obtain S1RA at the dose of 3 

mg/kg/infusion when compared with vehicle control groups. However, the number of 

operant responses to obtain S1RA at the dose of 6 mg/kg/infusion was significantly 

higher in PSNL mice when compared to sham-operated mice trained to obtain the same 

treatment. Indeed, two-way ANOVA (treatment and surgery as between-subjects factors 

of variation) revealed a significant effect of treatment (F(1,57) = 5.358, p < 0.01) and 

surgery (F(1,57) = 4.036, p < 0.05) but no interaction between these two factors (F(1,57) = 

1.812, N.S.). Post hoc Newman Keuls analysis underlined that the number of responses 

of animals self-administering S1RA in a dose of 3 mg/kg/infusion was significantly 

higher in both, sham (p < 0.01) and PSNL (p < 0.5) animals when compared with their 

corresponding saline controls. However, the number of operant responses to obtain 

S1RA at the dose of 6 mg/kg/infusion was significantly higher in PSNL mice when 
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compared to sham-operated mice trained to obtain the same treatment (p < 0.05, 

Newman Keuls post hoc analysis) (Figure 2A). 

No differences were observed in responses in the inactive hole. Thus, two-way ANOVA 

revealed no significant effect of treatment (F(1,57) = 2,735, N.S.), or surgery (F(1,57) = 

0.657, N.S.), nor interaction between these two factors (F(1,57) = 0.096, N.S.) (Figure 

2B).  

No differences were revealed in data obtained in PR. Thus, two-way showed no effect 

of treatment (F(5,10) = 0.270, N.S.) or surgery (F(5,10) = 3.033, N.S.), and no interaction 

between these two factors (F(5, 10) = 2.890, N.S.). 

Pearson’s χ2 test was used to compare the percentage of sham-operated and PSNL mice 

that reached the acquisition criteria at the different doses tested. χ2 showed that there 

were no differences in the percentage of mice that reached the acquisition criteria in 

sham-operated group when compared with saline (χ2 = 0.778, N.S. for the dose of 3 

mg/kg/infusion and χ2 = 2.800, N.S. for the dose of 6 mg/kg/infusion). The same 

analysis revealed significant differences in the percentage of mice that reached the 

acquisition criteria in the PSNL animals self-administering the S1RA, at both doses 

tested, when compared with saline group ( χ2 = 11.344, p < 0.001 for the dose of 3 

mg/kg/infusion and χ2 = 7.500, p < 0.01 for the dose of 6 mg/kg/infusion). 
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3.3 Sigma receptor 1 antagonist decreased the neuropathic pain manifestation 

after intravenous self-administration. 

3.3.1 Mechanical allodynia was significantly decreased after S1RA self-

administration 

Sciatic nerve injury led to a profound decrease of the threshold for evoking withdrawal 

of the hind ipsilateral paw to a mechanical stimulus and this response was significantly 

attenuated in animals after self-administering S1RA at both doses tested (Figure 3). 

Baseline values were similar in all the animal groups, as revealed by two-way ANOVA 

calculated for ipsilateral paw (Table 1). Nerve injury led to a significant decrease of the 

threshold for evoking hind paw withdrawal to mechanical stimulation on the injured 

side, as revealed by two-way ANOVA (Table 1). The threshold for evoking withdrawal 

at the ipsilateral paw to a mechanical stimulus was significant on day 3 (p < 0.001, for 

all groups), day 6 (p < 0.001, for all groups) and day 17 ( p < 0.001 for saline group, p 

< 0.01 for 3 mg/kg/infusion group and p < 0.05 for 6 mg/kg/infusion group) after 

surgery (post hoc Newmann Keuls). However, a significant decrease of mechanical 

allodynia was observed on day 17 after PSNL in mice self-administering S1RA in both 

doses, (p < 0.001 for 6 mg/kg/infusion and p < 0.05 for 3mg/kg/infusion) when 

compared to the saline group (post hoc Newmann Keuls). Withdrawal latencies of the 

contralateral paw were not modified in any experimental group during the whole 

experiment (Table 1).  

3.3.2 Significantly reduced of hyperalgesia after S1RA self-administration  

Sciatic nerve ligature decreased ipsilateral paw withdrawal latency to thermal stimulus 

and this response was significantly attenuated in animals after self-administering S1RA 

at both doses tested (Figure 4). Baseline values calculated for ipsilateral paw were 

similar in all the animal groups as revealed by two-way ANOVA (Table 1). A marked 
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and long-lasting decrease of the paw withdrawal latencies was observed in the 

ipsilateral paw of all mice exposed to sciatic nerve injury as showed by two-way 

ANOVA (Table 1). Paw withdrawal latencies for ipsilateral side were significant on 

day 3 (p < 0.001) and day 6 (p < 0.001) after surgery (post hoc Newmann Keuls). On 

day 17, post hoc analysis, revealed a decrease in paw withdrawal latency to thermal 

stimulus only in mice self-administering saline (p < 0.01) when compared with sham-

operated animals, and this response was abolished in mice receiving the S1RA (N.S.). 

Moreover, a decrease of this response was found in mice self-administering S1RA at 

both doses (p < 0.05) when compared with saline group (post hoc Newman Keuls).  

Withdrawal latencies of the contralateral paw were not modified in any of the 

experimental groups (two-way ANOVA with treatment and surgery as between factors 

of variation) (Table 1). 

3.3.3 Thermal allodynia was significantly reduced in mice self-administering S1RA 

Sciatic nerve ligature enhanced the score values (see materials and methods) during the 

cold thermal stimulation as revealed by two-way ANOVA (table 1). A significant 

difference of the score values was displayed in animals with PSNL on day 3 (p < 0.05 

in mice receiving saline and 3 mg/kg/infusion of S1RA, p < 0.001 in mice receiving 6 

mg/kg/infusion of S1RA) and day 6 (p < 0.001 in mice receiving S1RA 3 

mg/kg/infusion, p < 0.01 in mice receiving saline and p < 0.05 in mice receiving S1RA 

6 mg/kg/infusion) when compared with sham-operated animals (post hoc Newmann 

Keuls). On day 17 a significant increase in score values of mice exposed to sciatic 

nerve injury receiving saline (p < 0.01) was observed when compared with sham-

operated animals (post hoc Newmann Keuls). This response was reduced in mice self-

administering S1RA at both doses (3 mg/kg/infusion and also 6 mg/kg/infusion, p < 

0.05) when compared with mice receiving saline (post hoc Newman Keuls). Baseline 
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score values were similar in all these groups as showed by two-way ANOVA (Table 1) 

(Figure 5). 

3.4 The S1RA significantly improved the anhedonic state related with chronic pain 

Neuropathic pain induced an anhedonic like state in animals treated with saline that 

were previously exposed to PSNL. This anhedonia was evaluated by measuring the 

sucrose preference in a free choice paradigm. Non - contingent administration of the 

σR1 antagonist improved this emotional deficit. Indeed, two-way ANOVA (treatment 

and surgery) of the mean of sucrose preference calculated for the all treatment period 

(10 days), revealed a significant effect of surgery (F(1,44) = 6.025, p < 0.05) and 

treatment (F(1,44) = 7.813, p < 0.01), and significant interaction between these two 

factors (F(1,44) = 6.025, p = 0.056). Subsequent post hoc Newmann Keuls indicated that 

animals exposed to nerve injury receiving saline displayed a lower preference for 

sucrose (p < 0.01) when compared with sham-operated animals. This emotional deficit 

disappeared in mice receiving S1RA exposed to neuropathic pain. Indeed, both, mice 

previously exposed to nerve injury and sham-operated that received S1RA at a dose of 

25 mg/kg (twice daily during 10 days), showed a higher preference for sucrose (p < 0.05 

for both, sham and mice exposed to PSNL) when compared with their corresponding 

saline group (Newman Keuls post hoc) (Figure 6) 
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4.Discussion 
 
In this study, we succeed to validate a new operant model of drug self-administration in 

mice exposed to neuropathic pain that will permit to evaluate the analgesic and some of 

the most relevant side effects of these compounds, such as the possible abuse liability 

and the potential effects upon the locomotor activity. In order to set up this model, a 

new analgesic compound, the σR1 antagonist, S1RA, was used. Furthermore, the 

possible effect of this compound on the emotional consequences of neuropathic pain 

was also evaluated. 

In clinical practice, antiepileptic and antidepressants drugs are considered the first-

choice treatment of neuropathic pain. At present, the gabapentinoids gabapentine and 

pregabalin, and the serotonin norepinephrine reuptake inhibitors are dominating the 

field [12;13]. One of the most important side effects that can limit the use of 

pharmacological compounds to treat neuropathic pain is the potential abuse liability. In 

addition, hypolocomotion represents a serious limitation for the clinical use of some of 

these new drugs. Both potential side effects of the novel therapeutic agents can be easily 

evaluated in an operant model of contingent self-administration of analgesic 

compounds. The relationships between the treatment of chronic pain and addiction is 

largely recognise and these relationships are difficult to be explored in the currently 

available behavioural models[1;14]. Indeed, the presence of pain and the motivation to 

alleviate it seems to minimize the possible development of addictive behaviours with an 

appropriate opioid treatment protocol [20]. In this sense, the rate of abuse of opioid 

analgesics in pain patients is relatively moderate [9]. However, other data have shown 

an increased prevalence of drug abuse in patients receiving opioids for chronic pain 

[19]. Several animal studies also suggest that chronic pain attenuates the rewarding 

properties of opioids. Thus, inflammatory [30] and neuropathic pain [23] reduced 
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morphine-induced conditioned place preference in rodents. Certain areas of the brain, 

such as the nucleus accumbens and the anterior cingulated gyrus are involved in both 

pain and addictive processes [4]. The relationships between chronic pain and addiction 

could be explored in the operant drug self-administration paradigm that we have set-up 

in our study by comparing the response of mice exposed to neuropathic pain and those 

of sham-operated animals  

In the last years, a special attention has received the σ1R for its implication in pain 

modulation. Indeed, σ1Rs are expressed in key areas for pain control, such as the 

superficial layers of the dorsal horn, periaqueductal gray matter, locus coeruleus and 

rostroventral medulla[11]. Studies using both σ1R knockout mice and pharmacological 

blockade of these receptors revealed that these interventions decrease the behavioural 

manifestations of neuropathic pain in a partial sciatic nerve ligation model [11]. 

Furthermore, σ1Rs exert a modulatory role on the NMDA receptors, a key receptor 

involved in the central sensitization developed during neuropathic pain [11]. These data 

indicate that σ1Rs play an important role in the neurobiological mechanisms leading to 

the development and maintenance of neuropathic pain. 

In this study, mice exposed to neuropathic pain were then trained to acquire an operant 

behaviour to self-administer intravenously the analgesic compound in order to set-up 

the new operant model of contingent self-administration of analgesic compounds. First, 

the animals were trained to acquire a food-maintained operant behaviour. Chronic pain 

was then developed in mice by partial sciatic nerve ligation. Once that chronic pain had 

reached a steady-state, mice were trained to maintain an operant behaviour to self-

administer a new analgesic compound, the σ1R antagonist S1RA, which has been 

previously reported to alleviate neuropathic pain manifestations. The possible abuse 

potential of this new analgesic compound was identified by evaluating the self-
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administration behaviour in sham-operated mice. Two doses of this sigma antagonist, 3 

and 6 mg/kg/infusion, were used in the intravenously self-administration paradigm. The 

sciatic nerve ligation led to a neuropathic pain syndrome characterised by mechanical 

and thermal allodynia, and thermal hyperalgesia that were present from the first day of 

measurement and were maintained during the whole experimental sequence. We 

showed that the σR1 antagonist, S1RA, decreased the behavioural manifestations of 

neuropathic pain after intravenous self-administration at both doses tested. Indeed, after 

10 days of S1RA self-administration, animals with partial sciatic nerve ligation showed 

a reduction of thermal and mechanical allodynia and thermal hyperalgesia. These results 

are in accordance with the previous studies revealing the role of σR1 in the 

manifestations of neuropathic pain [25;26]. In these previous studies, thermal 

hyperalgesia was not modified after the decrease of σR1 activity. However, neuropathic 

pain model used in the pharmacological study was the chronic constriction injury that is 

different from the one used in the present work. One important difference between these 

two models is that the manifestations of neuropathic pain after the partial sciatic nerve 

ligation are dependent on the activity of the sympathetic nervous system since the 

simpathectomy reverts these pain manifestations [18], in contrast to the chronic 

constriction injury model. The difference between the results obtained in the present 

study and σR1 knockout mice could also be due to the possibility of adaptive 

compensatory changes in the genetic model. In addition, the mouse is self-administering 

itself the σR1 antagonist in the present study, whereas in the previous studies the drug 

was administered in a non-contingent way. Studies using a yoking procedure have 

demonstrated that the neurobiological and neurochemical consequences of drug intake 

can differ depending on whether the animal self-administers the drug or if the drug is 

passively administered [20]. In this sense, drug self-administration, unlike non-
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contingent infusions, merge many additional features of the drug different from its 

analgesic properties, including reinforcing effects and the consequent motivation to seek 

for the drug. Our operant model allows the animal exposed to the chronic neuropathic 

pain to seek for drug delivery in order to alleviate the pain, but also permits to evaluate 

the possible reinforcing effects of the drug by comparing the operant responses between 

sham-operated and animals exposed to the partial sciatic nerve ligation.  

Before acquiring the intravenous drug self-administration, mice were previously trained 

in the same operant paradigm to seek for food. Therefore, the response of the animals 

during the first days of drug self-administration animals is influenced by the previous 

acquisition of the food maintained operant behaviour. Consequently, differences in self-

administration of the different doses of S1RA reached the significance on the last day of 

training. Interestingly, mice that developed neuropathic pain maintained an operant 

behaviour to self-administer the σR1 antagonist compound at 3 and 6 mg/kg/infusion. 

The self-medication with this analgesic alleviates neuropathic pain, as revealed by the 

significant attenuation of both hyperalgesia and allodynia on the last day of training to 

self-administer S1RA at both doses tested. In contrast, control mice exposed to sham 

surgery did not maintain such an operant behaviour to self-administer the sigma ligand 

at the dose of 6 mg/kg/infusion, whereas a moderate self-administration was observed at 

the dose of 3 mg/kg/infusion. These results clearly reveal that mice exposed to chronic 

neuropathic pain maintained an operant behaviour to self-administer an elevated dose of 

the sigma ligand in order to alleviate pain. However, a lower dose of the same sigma 

ligand was also self-administered by mice not exposed to neuropathic pain, revealing 

the reinforcing effects of this compound. The progressive ratio schedule of 

reinforcement, design as a measure of motivation was performed in the last day of 

intravenous drug self-administration and did not reveal significant differences between 
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the different animal groups. However, interesting results were found when the 

percentages of acquisition were compared. Thus, no differences in percentage of 

acquisition were found within the sham-operated group, whereas within the sciatic 

nerve ligated group, this percentage was higher in animals that self-administered both 

doses of S1RA when compared with mice self-administering saline. These results 

revealed that sham-operated animals display the same incentive to seek for the sigma 

antagonist compound than saline, whereas this incentive to seek the antagonist was 

enhanced in mice exposed to neuropathic pain. 

The results obtained in our experiment were not due to a modification in the locomotor 

activity or any physical alteration that would prevent the mice from nose-poking or 

from maintaining a sufficient activity to obtain drug infusion. Indeed, no differences in 

the number of inactive hole responses were seen between the different animal groups 

exposed or not to S1RA. 

Chronic pain is often associated to several emotional consequences that impair the 

quality of life of these patients and difficult the therapeutic approach. Indeed, 

depressive-like symptoms are often present in patients suffering chronic pain, [6], which 

aggravates the consequences and manifestations of pain [22]. Because depression and 

chronic pain are often associated, an appropriate treatment of both emotional 

components of the chronic pain and painful symptoms may improve the beneficial 

effects in these patients [6]. In a second experiment, we evaluated the consequence of 

non-contingent S1RA administration on the anhedonic state induced by the sciatic nerve 

ligation. This emotional feature was assessed by measuring the preference for sucrose 

solution in the Phecomp food and drink monitoring system. It has been previously 

described that the consumption and the preference for highly palatable sweet solutions 

are decreased during an anhedonic state [24;28;29]. In accordance, we found that 
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anhedonia induced by the exposure to neuropathic pain diminishes the sucrose intake. In 

addition, non-contingent administration of S1RA improved this emotional response. 

Indeed, animals exposed to partial sciatic nerve ligation receiving S1RA displayed the 

same preference for sucrose solution as sham-operated mice. These data show that 

S1RA is able to improve both physical and emotional manifestations of neuropathic 

pain pointing the high potential interest of this new compound for the treatment this 

pathology.  

Our results revealed the analgesic efficacy of a new σR1 antagonist, S1RA, in the 

treatment of neuropathic pain. This analgesic effect was observed together with an 

improvement of the emotional consequences associated to the presence of chronic pain. 

S1RA administered at the highest dose was devoid of reinforcing effects. The operant 

responses evaluated in this animal model have a high predictive value to estimate the 

clinical benefit/risk ratio of new analgesic compounds to treat chronic pain, such as 

S1RA.  
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FIGURE LEGENDS 
 
Figure 1. Experimental schedule for the self-medication model 

Figure 2. Self-administration on day 10. Data are expressed as mean ± SEM of nose –

pokes in active (A) and inactive (B) holes n = 8 -15 mice per experimental group. 

 P < 0.05,  P < 0.01 mice receiving S1RA vs saline group (post hoc Newman 

Keuls).  P < 0.05 mice exposed to sciatic nerve injury vs. sham–operated animals 

(post hoc Newman Keuls).  

Figure 3. Development of mechanical allodynia in the ipsilateral paw in S1RA treated 

mice and their saline group control after sciatic nerve injury. Mechanical allodynia was 

evaluated by using the von Frey model. The behavioural responses were determined 

under basal conditions and on day 3, 6, and 17 after sciatic nerve surgery. Data are 

expressed as mean ± SEM in mice exposed to sciatic nerve injury (black) and sham-

operated mice (white) receiving saline (rhombus) S1RA in a dose of 3 mg/kg/infusion 

(squares) and S1RA in a dose of 6 mg/kg/infusion (triangles); n = 8-15 animals per 

experimental group  P < 0.05,  P < 0.01,  P < 0.001 PSNL vs. sham-

operated (post hoc Newman Keuls).  P < 0.05,  P < 0.001 (S1RA treated mice 

vs. saline) (post hoc Newman Keuls). 

Figure 4. Development of thermal hyperalgesia in the ipsilateral paw in S1RA treated 

mice and their saline group control after sciatic nerve injury. Thermal hyperalgesia was 

evaluated by using the plantar test. The behavioural responses were determined under 

basal conditions and on day 3, 6, and 17 after sciatic nerve surgery. Data are expressed 

as mean ± SEM in mice exposed to sciatic nerve injury (black) and sham - operated 

mice (white) receiving saline (rhombus), S1RA in a dose of 3 mg/kg/infusion (squares) 

and S1RA in a dose of 6 mg/kg/infusion (triangles); n = 8-15 animals per experimental 
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group  P < 0.01,  P < 0.001 PSNL vs. sham-operated (post hoc Newman 

Keuls).  P < 0.05, S1RA treated mice vs. saline (post hoc Newman Keuls). 

Figure 5. Development of thermal allodynia in the ipsilateral paw in S1RA treated mice 

and their saline group control after sciatic nerve injury. Thermal allodynia was 

evaluated in the cold-plate test (score). The behavioural responses were determined 

under basal conditions and on day 3, 6, and 17 after sciatic nerve surgery. Data are 

expressed as mean ± SEM in mice exposed to sciatic nerve injury (black) and sham - 

operated mice (white) receiving saline (rhombus), S1RA in a dose of 3 mg/kg/infusion 

(squares) and S1RA in a dose of 6 mg/kg/infusion (triangles); n = 8-15 animals per 

experimental group  P < 0.05,  P < 0.01,  P < 0.001 PSNL vs. sham-

operated (post hoc Newman Keuls).  P < 0.05, S1RA treated mice vs. saline (post hoc 

Newman Keuls). 

Figure 6. Experimental schedule for the anhedonia model 

Figure 7 Sucrose preference. Data are expressed as mean ± SEM of sucrose preference 

calculated for the treatment period (10 days). P < 0.05 (sham operated vs sciatic 

nerve injury in saline group) (post hoc Newman Keuls).  P < 0.05 saline vs. S1RA, 25 

mg/kg, sciatic nerve injury group (Newman Keuls post hoc analysis).  
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TABLE 1. The effect of intravenous self=administration of S1RA on  

the mantainance of the neuropathic pain mainifestations 
 

  Baseline   Day 3    Day 6    Day 17   
Parameter  F-value P <  F-value P <  F-value P<  F-value P < 
    (1, 57)    (1, 57)     (1, 57)    (1, 57)   
   von Frey test           

Ipsilateral paw            

    Surgery  0.135 N.S.  72.507 0.001  72.507 0.001  53.620 0.001 

    treatment 0.396 N.S.  2.077 N.S.  0.190 N.S.  2.401 N:S: 

    Interaccion 0.906 N.S.  1.728 N.S.  0.170 N.S.  5.854 0.01 

Controlateral paw           

    Surgery  1.419 N.S.  0.166 N.S.  0.483 N.S.  2.875 N.S. 

    treatment 1.383 N.S.  3.005 N.S.  0.992 N.S.  1.014 N.S. 

    Interaccion 1.953 N.S.  0.325 N.S.  1.119 N.S.  0.730 N.S. 

  Plantar test            

Ipsilateral paw            

    Surgery  1.820 N.S.  85.156 0.001  73.223 0.001  0.633 N.S. 

    treatment 0.517 N.S.  0.878 N.S.  2.393 N.S.  3.117 N.S. 

    Interaccion 0.437 N.S.  0.957 N.S.  1.591 N.S.  4.328 0.05 

Contralateral paw           

    Surgery  0.669 N.S.  1.411 N.S.  1.846 N.S.  0.057 N.S. 

    treatment 0.805 N.S.  0.825 N.S.  2.434 N.S.  1.795 N.S. 

    Interaccion 0.659 N.S.  0.683 N.S.  0.322 N.S.  0.300 N.S. 

Cold plate test 
(score)            

    Surgery  0.048 N.S.  26.968 0.001  26.395 0.001  7.473 0.01 

    treatment 2.451 N.S.  0.651 N.S.  1.267 N.S  0.104 N.S. 

    Interaccion 0.294 N.S.  0.839 N.S.  2.005 N.S.  6.373 0.01 
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Involvement of the endocannabinoid system in nicotine responses  

 

Nicotine and cannabinoids are among the most widely consumed drugs of 

abuse in humans and they are frequently use in combination. Both types 

of drugs share multiple common pharmacological properties including 

antinociception, hypothermia, impairment of locomotion, rewarding 

properties and physical dependence (Cook et al. 1998; Hildebrand et al. 

1999; Hutcheson et al. 1998; Valjent and Maldonado 2000). In addition 

they have other biological actions in which show opposite effects, like the 

effects on memory and metabolism. Nicotine, the primary addictive 

substance in tobacco, exerts its effects through the activation of the 

nAChR, while THC the main psychoactive compound of cannabis sativa, 

acts through the cannabinoid receptors: CB1 receptor mainly located in the 

CNS (Kano et al. 2009; Tsou et al. 1998) and CB2 receptor abundant in 

the immune cells (Kano et al. 2009; Munro et al. 1993). The behavioural 

and biochemical consequences of the interaction between the cannabinoid 

and cholinergic systems are still poorly documented in spite of the current 

association of cannabis and tobacco consumption in humans. Indeed, few 

studies have reported this interaction in experimental models. In mice, 

nicotine has been shown to facilitate hypothermia, antinociception, 

hypolocomotion and anxiolytic-like responses induced by THC (Valjent et 

al. 2002), whereas THC decreased somatic and motivational 

manifestations of nicotine withdrawal (Balerio et al. 2004). On the other 

hand, rimonabant abolishes nicotine-induced anxiolytic-like effects and 

increased the anxiogenic-like responses of nicotine (Balerio et al. 2006). 

However, there are no studies focused on the interaction between the 

endocannabinoid and cholinergic system in memory and metabolism. For 

these reasons, the first objective of this thesis was to study in depth the 

interaction of these two systems in memory and metabolism. 
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Interactions between the endocannabinoid and cholinergic systems 

in cognitive processes (article 1) 

 

Pharmacological and genetic approaches were used to investigate the 

possible interactions between the cannabinoid and cholinergic systems in 

cognitive processes in different behavioural paradigms. For this purpose, 

the effects induced by nicotine, physostigmine and scopolamine were 

studied in CB1 knockout mice and wild-type littermates in the active 

avoidance paradigm. In addition, the effects of the pretreatment with 

rimonabant were evaluated on the pharmacological responses induced by 

nicotine in the active avoidance and the object recognition tasks in wild-

type mice. 

We showed that the effects of nicotine and physosotigmine were 

attenuated in the absence of CB1 receptor activity, but the 

pharmacological responses of scopolamine were unchanged in the absence 

of this receptor. Thus, nicotine (0.5 mg/kg) did not modify the 

performance of CB1 knockout mice and wild-type littermates in the active 

avoidance paradigm. Nevertheless, nicotine enhanced the performance of 

wild-type mice in the two trial object recognition task, but this cognitive 

response did not reach the significance when nicotine was combined with 

rimonabant, although the recognition index values were still high 

compared to saline. The different responses induced by nicotine in the two 

memory models could be due to the distinct neurobiological substrate and 

cognitive responses evoked in these behavioural tests. Thus, the active 

avoidance paradigm is a complex model in which other behavioural 

responses different from the cognitive processes, such as anxiety, play an 

important role in the trial performance. Several structures different from 

the hippocampus, that are involved in cognitive and emotional responses 

such as the prefrontal cortex and amygdala, participate also in the 
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responses obtained in this behavioural paradigm (Holland and Bouton 

1999; LeDoux 2000). In contrast, the object recognition test is considered 

a rather pure working memory task (Ennaceur and Delacour 1988) in 

which the hippocampus plays a key role. The cholinergic innervation of 

hippocampus by neurons in the medial septal area has been reported to be 

critical for optimal memory performance in this model (Levin and 

Rezvani 2000). Moreover, we obtained in this study different results in the 

active avoidance paradigm with regards to the procedure used to block 

CB1 receptor activity. Thus, a clear increase in the performance of CB1 

knockout mice was observed in this test. However, the CB1 antagonist 

rimonabant administered at a large range of doses (from 0.3 to 10 mg·kg-

1), did not modify the performance in the active avoidance test when given 

alone or co-administered with nicotine. In agreement with these results, 

rimonabant did not produce any cognitive effect in the object recognition 

test. In most of the previous studies where rimonabant improved the 

cognitive performance, this antagonist was administered after the original 

encounter with the cognitive paradigm (Terranova et al. 1996), which was 

not the case of the experimental conditions used in our study. Indeed, 

rimonabant was administered before the evaluation of the cognitive 

response in the active avoidance paradigm and the two trial recognition 

test. Another explanation for the difference between the results obtained 

with rimonabant and CB1 knockout mice could be the possibility of 

adaptive compensation in the genetic model. Besides, the lack of effect of 

rimonabant in these behavioural paradigms could be due to the particular 

biodistribution of rimonabant, which presents a preferential 

biodisponibility at the peripheral tissues rather than at the CNS level 

(Despres et al. 2005). 

The effects of the cholinergic antagonist scopolamine and the 

acetylcholinesterase inhibitor physostigmine on learning and memory 

were also evaluated in CB1 knockout mice. Numerous pharmacological 
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studies have demonstrated that scopolamine impairs learning in different 

behavioural tasks (Fibiger et al. 1991; Gallagher and Colombo 1995; 

Zarrindast et al. 2002) and this impairment is directly related to a decrease 

in central cholinergic activity. In agreement, this study reveals an 

impairment in the active avoidance performance after scopolamine 

administration in both wild-type and CB1 knockout mice, demonstrating 

that the amnesic effects of scopolamine are not mediated 

through the CB1 receptor. On the other hand, physostigmine increased the 

active avoidance performance in wild-type mice in agreement with 

previous studies (Sansone et al. 1993), but did not modify the 

performance in CB1 knockout mice. An enhanced ACh release (Kathmann 

et al. 2001) and improved long-term potentiation in the hippocampus 

(Bohme et al. 2000) have been reported in mice lacking CB1 receptor, 

which are in part responsible for their improved memory function. 

Therefore, the cognitive responses mediated by the enhancement of ACh 

activity induced by physostigmine could be impaired in the mutant mice 

that already show an enhanced ACh release. Thus, it seems that a precise 

concentration of this neurotransmitter seems to be required at the synaptic 

level to improve memory and learning processes. 

Our results demonstrate that the effects of nicotine and physosotigmine 

are attenuated in the absence of CB1 receptor activity. However, 

scopolamine effects are independent from CB1 receptor activity. The 

cognitive responses induced by rimonabant in the active avoidance 

paradigm were different to those observed in CB1 knockout mice. 
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Interaction between nicotine and the endocannabinoid system in 

food intake and metabolism (article 2) 

 

We investigated the consequences of chronic nicotine administration and 

withdrawal on food intake and metabolic parameters in CB1 knockout 

mice as well as in their wild-type littermates in order to study the 

interaction between nicotine and the endocannabinoid system in these 

pharmacological responses. Anxiety-like behaviour was also evaluated in 

both genotypes before, during and after nicotine administration. Animals 

were chronically treated with nicotine at a dose that has been reported to 

develop physical dependence manifestations (Berrendero et al. 2005) with 

spontaneous withdrawal (Damaj et al. 2003). The effects of nicotine on 

the motivation for specific foods with different caloric and palatable value 

were evaluated before, during and after nicotine chronic treatment in CB1 

knockout animals and wild-type littermates using a new food and drink 

monitoring system with extremely high sensitivity that was developed in 

the laboratory in collaboration with the company Panlab SA (http//www 

.panlab.com /panlabWeb /Hardware/php/ displayHard.php? campo= 

Metabolism &nameHard=PHECOMP). The levels of cholesterol, insulin 

and glucose were also evaluated in these animals. Animals were exposed 

to a free-choice feeding paradigm consisting in offering two kinds of food 

(standard chow and high fat diet) and two kinds of beverage (water and 

saccharine solution) in order to assess the influence of CB1 deletion and/or 

nicotine administration on feeding intake motivation. Control groups were 

exposed only to standard chow under similar experimental conditions. 

Wild-type and CB1 knockout mice consumed almost exclusively high fat 

food (93.3 % and 90.9 % respectively) and saccharine solution (94.2 % 

and 83.5 % respectively) under basal conditions. Therefore, this free 

choice regimen resulted in a high fat feeding with a progressive gain of 
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body weight. No differences in metabolic parameters were observed 

between genotypes in animals fed with standard diet. After two weeks of 

free choice high fat diet, wild-type animals showed an enhancement in the 

levels of cholesterol, insulin and glucose compared with CB1 knockout 

mice. These protective effects of CB1 receptor deletion over metabolic 

unbalance have also been reported in previous studies using CB1 knockout 

mice fed with high fat diet (Ravinet et al. 2003; Ravinet et al. 2004). In 

these previous studies, mutant mice did not develop insulin resistance on a 

high-fat diet and had a higher leptin sensitivity than wild-type mice, while 

maintaining similar levels of energy intake (Ravinet et al. 2004). In 

addition, previous studies have reported that the CB1 antagonist 

rimonabant reduced leptin, insulin, glucose, triglycerides and low-density 

lipoprotein cholesterol levels in a model of diet-induced obese mice 

(Poirier et al. 2005; Ravinet et al. 2003). A very recent study using 

combined genetic and pharmacological approaches in mice showed that 

the control of glutamatergic transmission by CB1 receptors is responsible, 

at least in part, for the well-known orexigenic role of the endocannabinoid 

system (Bellocchio et al. 2010).  

In our study, chronic nicotine administration reduced body weight and 

decreased glucose levels in wild-type mice. Different results have been 

previously reported about the effects of nicotine on metabolic parameters. 

Several studies showed that nicotine increased cholesterol and glucose 

levels in mice fed with normal food (Lamota et al. 2008). In contrast, 

nicotine improved various metabolic parameters in animal models of 

obesity or diabetes. Thus, nicotine reduced hyperglycemia and the 

incidence of diabetes symptoms in mice exposed to streptozotocin 

(Mabley et al. 2002). Chronic nicotine administration also reduced blood 

glucose levels in obese rats by repressing gluconeogenesis and hepatic 

glycogen content, which results in a decreased hepatic glucose release 

(Liu et al. 2003). In humans, smoking was associated with a lower risk of 
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metabolic syndrome in a large cross-sectional study (Bernaards et al. 

2005). All these data together suggest that nicotine impairs metabolic 

parameters in physiological conditions, but decreases glucose levels in 

overweight situations in spite of the well-known deleterious effects of 

nicotine on the overall cardiovascular risk (Bullen 2008). Interestingly, 

the decreased body weight and glucose levels induced by nicotine in wild-

type mice exposed to high fat diet were not observed in CB1 knockout 

animals. One of the mechanisms underling the decrease in body weight 

induced by nicotine is the activation of lipolysis in the adipocytes 

(Andersson and Arner 2001) and the repression of appetite by reducing in 

the hypothalamus orexigenic mediators (Chen et al. 2007). CB1 mutant 

mice have altered expression of hypothalamic neuropeptides and impaired 

adipocyte function (Cota 2008), which may explain the lack of nicotine 

effect on body weight in these mutants. The fact that CB1 knockout mice 

do not present metabolic unbalance after the hypercaloric diet and do not 

show body weight reduction after nicotine treatment, could explain the 

absence of nicotine effect on glucose levels in these mutants. The absence 

of nicotine effect in CB1 knockout mice could also be explained by a floor 

effect considering the reduced glucose levels found under basal conditions 

in these mutant mice. These differences in glucose levels disappeared 

after withdrawal of nicotine treatment.  

No differences between genotypes were revealed under basal conditions 

in the preference for high fat diet, although mutant mice showed lower 

preference for saccharine solution than wild-type animals. This result 

suggests that CB1 receptor has a stronger effect on feeding motivational 

signals than on energy signals that are both crucial for the regulation of 

food intake. Our data are in agreement with previous literature showing 

that the disruption of CB1 gene or the administration of rimonabant 

reduced the reinforcing effects of sweets, but not fat foods (Thornton-

Jones et al. 2005; Ward and Dykstra 2005). In the same line, THC 
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enhanced food reinforcement predominantly for high palatable pellets 

with a moderate effect on high caloric pellets in a mouse operant conflict 

test (Barbano et al. 2009). Interestingly, the differences in saccharine 

preference between genotypes were revealed in basal conditions and after 

nicotine withdrawal, but disappeared during the nicotine treatment. This 

was due to the tendency of nicotine to reverse the decrease in the 

saccharine preference shown by CB1 knockout mice, which suggests an 

improvement in the motivation of the mutants for this high palatable 

drink. In agreement, nicotine has been shown to improve motivational 

responses in both humans and animals with signs of anhedonia (Cook et 

al. 2007; Spring et al. 2008; Tizabi et al. 1999), and several 

manifestations of anhedonia have been widely reported in CB1 knockout 

mice (Martin et al. 2002). 

The endocannabinoid system has been involved in the effects produced by 

nicotine on anxiety like-responses (Balerio et al. 2004; Balerio et al. 

2006). The possible interaction between chronic nicotine administration 

and the endocannabinoid system in anxiety-like behaviour was also 

evaluated in our study. CB1 deficient mice showed an increase in anxiety-

like behaviour under basal conditions when compared with wild-type 

animals, in agreement with previous pharmacological and genetic studies 

(Balerio et al. 2004; Balerio et al. 2006; Martin et al. 2002; Viveros et al. 

2006). Several mechanisms have been involved in these anxiety-like 

responses. First, the endocannabinoid system plays a key role in the 

modulation of the hypothalamus-pituitary-adrenal axis (Rodriguez de 

Fonseca et al. 1991) and the deletion of CB1 receptor increases the 

expression of corticotrophin releasing hormone and adrenocorticotrophin 

levels (Di Marzo and Matias 2005). Another important substrate for the 

behavioural phenotype of CB1 knockout mice is the alteration reported on 

the functional activity of the serotonergic system (Aso et al. 2009). These 

changes in hypothalamus-pituitary-adrenal axis function and serotonergic 
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activity would promote stress and would decrease food intake (Cota 2008; 

Di Marzo and Matias 2005; Inui 1999). Therefore, the changes on these 

neurochemical systems could be involved in the anxiety-like phenotype of 

CB1 mutant mice in basal conditions and could also contribute to the 

decrease food intake. Interestingly, nicotine increased anxiety-like 

behaviour only in wild-type mice, but did not modify this behavioural 

response in knockout animals. Nicotine exerts a stimulatory effect on 

corticotrophin releasing hormone and adrenocorticotrophin secretion that 

seems to be involved in its effects on anxiety-like behaviour (Mano-

Otagiri et al. 2009; Weidenfeld et al. 1989). Thus, the stimulatory effects 

of nicotine on the hypothalamus-pituitary-adrenal axis could be absent in 

CB1 mutant mice because these animals already present enhanced levels 

of corticotrophin-releasing factor and adrenocorticotrophin, which could 

explain the suppression of nicotine effects on anxiety.  

The present findings confirm that the deleterious effects of the high fat 

diet on glucose, insulin and cholesterol levels were prevented in CB1 

knockout mice. Interestingly, nicotine reduced body weight and glucose 

levels, and induced anxiogenic-like effects in wild-type, but not in CB1 

knockout animals. The mutant mice also showed lower preference for 

high palatable drink in the absence of nicotine treatment. These results 

provide a new evidence of the important role played by the 

endocannabinoid system in the pharmacological responses of nicotine that 

will be useful to better understand the interactions between nicotine and 

cannabinoid compounds. 

 

New targets for the treatment of neuropathic pain  

 

The endocannabinoid system plays a crucial role in the control of the 

nociceptive responses. Indeed, several studies have shown that the 

activation of the cannabinoid system inhibits the transmission of 
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nociceptive stimuli acting at peripheral, spinal and supraspinal levels, 

modulates the integration of these nociceptive signals in several brain 

areas and stimulates the activity of the inhibitory descending pathway 

(Hohmann 2002). Indeed, one of the earliest and widely known uses of 

cannabis was to treat pain. The antinociceptive properties of cannabinoid 

compounds have been demonstrated in both acute and chronic pain animal 

models. Thus, cannabinoid agonists were proved to be efficient in both the 

hot plate and tail flick test (Gomez et al. 2002; Hohmann 2002; Lichtman 

and Martin 1991; Martin and Lichtman 1998; Tham et al. 2005), in 

mechanical models that measure motor (Smith et al. 1994) or reflex  

(Gilbert 1981) responses, chemical models such as the writhing response 

induced by acetic acid or administration of fenilbenzoquinone and (Ulugol 

et al. 2006; Welch et al. 1995) and also models of electric stimulation of 

paw (Weissman et al. 1982), sciatic nerve (Bicher and Mechoulam 

1968) or dental pulp (Kaymakcalan et al. 1974). 

In addition, cannabis has been shown to produce antinociceptive effects in 

several experimental models of chronic pain. Thus cannabinoid agonists 

reduced inflammatory pain such as the hyperalgesia induced by 

carrageenan (Mazzari et al. 1996), capsaicin (Li et al. 1999), formalin 

(Calignano et al. 1998; Moss and Johnson 1980) and Freud’s adjuvant 

(Martin et al. 1999). Moreover, one of the most interesting potential 

application of the cannabinoid agonists would be the treatment of 

neuropathic pain. Indeed, several recent studies have shown that the 

cannabinoids were also efficient in models of neuropathic pain (Goya et 

al. 2003). An upregulation of spinal CB1 receptor was observed following 

chronic constriction of sciatic nerve in rats, which enhanced the analgesic 

effects of Win 55,212-2 in this neuropathic pain model (Lim et al. 2003). 

By contrast, a genetic study using CB1 knockout mice has shown that CB1 

cannabinoid receptors are not critically involved in the development of 

neuropathic pain nor in the anti-allodynic and anti-hyperalgesic effects of 
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gabapentin in a model of neuropathic pain induced by partial sciatic nerve 

ligation (Castañé et al. 2006). CB2 cannabinoid receptors have also been 

involved in this pathological state. Indeed, the selective CB2 cannabinoid 

agonist AM1241 produced a dose-dependent inhibition of tactile and 

thermal hypersensitivity induced in rats by spinal nerve ligation (Ibrahim 

et al. 2003). The crucial role of CB2 receptor in the regulation of central 

immune responses during neuropathic pain was recently demonstrated 

using mice lacking CB2 receptor, transgenic mice overexpressing this 

receptor and bone marrow chimera mice (Castañé et al. 2006; Racz et al. 

2008b; Racz et al. 2008a). Thus, CB2 knockout mice and mice 

reconstituted with CB2 deficient bone marrow cells exposed to nerve 

injury developed similar neuropathic pain in the ipsilateral side as wild-

type animals. However, they showed a contralateral mirror-image of pain 

accompanied by glial activation. In contrast, neuropathic pain was 

attenuated in transgenic mice overexpressing CB2 receptors (Racz et al. 

2008b; Racz et al. 2008a). Therefore, CB2 cannabinoid receptors are 

crucial for the development of neuropathic pain and the CB2 agonists 

could represent a future new group of pharmacological agents for the 

treatment of neuropathic pain devoid of any psychoactive side effects 

(Racz et al. 2008b; Racz et al. 2008a).  

In spite of these promising results the treatment of neuropathic pain is 

often unsatisfactory due to the side effects and/or insufficient efficacy of 

the currently available drugs. For these reasons, the development of new 

drugs and new animal models able to predict the clinical benefit/risk ratio 

of novel analgesic compounds to treat neuropathic pain represents a major 

research priority in order to improve the management of this chronic 

disease. Therefore, the second main objective of this thesis was to identify 

new targets for the treatment of neuropathic pain and to develop new 

animal models that could help to anticipate the possible abuse liability of 

new analgesic compounds.  
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A2A adenosine receptor as a new target for the treatment of 

neuropathic pain (article 3) 

 

The purinergic system maintains a close anatomical (Herkenham et al. 

1991; Svenningsson et al. 1999) and functional (Fredholm and 

Svenningsson 2003; Piomelli 2003) relationship with the endocannabinoid 

system, particulary with the CB1 receptors, and it plays an important role 

in the control of pain. The purine nucleoside adenosine is an ubiquitous 

endogenous neurotransmitter (Dunwiddie and Masino 2001) which acts 

on four G-protein coupled receptors, named A1R, A2AR, A2BR and A3R 

(Fredholm et al. 2001). The endogenous ligand of these receptors, 

adenosine, can enhance or decrease nociception depending on the receptor 

subtype activated (Sawynok 1998). Genetic and pharmacological studies 

have shown that the stimulation of A2AR is pronociceptive while the 

activation of A1R is thought to have opposite effects (Ferre et al. 2007). 

Indeed, mice lacking A2AR exhibit an increased nociceptive threshold 

after direct stimulation of peripheral sensory nerves or an inflammatory 

reaction (Godfrey et al. 2006; Ledent et al. 1999). Pharmacological 

studies, using A2AR ligands also demonstrated their role in the control of 

inflammatory pain (Godfrey et al. 2006; Hussey et al. 2007). However, 

few data are available on the involvement of the A2AR in neuropathic 

pain. To study this issue, we have used knockout mice deficient in A2AR 

(Ledent et al. 1999) and we have evaluated the consequences of this 

deletion in the development and expression of neuropathic pain after 

sciatic nerve injury. Hyperalgesia, mechanical and thermal allodynia were 

used as an outcome behavioural manifestation of neuropathic pain. We 

have also investigated in these mutant mice the expression of microglia 

and astrocytes that has been demonstrated to modulate neuronal changes 

occurring during neuropathic pain. A significant decrease in mechanical 
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allodynia and the abolishment of thermal hyperalgesia and thermal 

allodynia were revealed in A2AR knockout mice after the sciatic nerve 

injury during the whole experimental sequence, which indicates that this 

receptor participates both in the expression and development of 

neuropathic pain. A significant attenuation in the microglia and astrocyte 

expression was also revealed at different time points in the A2AR mutant 

animals after sciatic nerve injury. Thus, a significant increase in microglia 

expression was observed 3 days after sciatic nerve injury in the ipsilateral 

side in both genotypes. However on this day, the astrocyte activation 

appears only in wild-type mice. An important activation of both microglia 

and astrocyte expression was revealed 7 and 17 days after nerve injury in 

wild-type animals but not in mutant mice.  

Nerve injury has been reported to promote activation of glial cells in the 

spinal cord, and activated glia may contribute to the initiation and 

maintenance of neuropathic pain (Clarke et al. 2008; Sawynok and Liu 

2003; Watkins et al. 2001). Microglia responds quickly to peripheral 

nerve injury and releases several cytokines that promote neuron 

sensitization in the spinal cord (DeLeo and Yezierski 2001). In addition, 

different studies have demonstrated that spinal microglial activation 

precedes astrocyte activation (Colburn et al. 1999b; Tanga et al. 2004) 

and this astrocyte proliferation is more closely related to the maintenance 

of pain behaviour in different neuropathic pain models (Colburn et al. 

1999a; Tanga et al. 2004). Both, microglia and astrocytes express A2AR 

(Hasko et al. 2005) and the secretor activity of microglia cells appears to 

be stimulated by A2AR (DeLeo and Yezierski 2001; Heese et al. 1997). 

A2AR stimulation enhances the proliferation and activation of astrocytes 

that occur as a consequence of a nerve injury (Brambilla et al. 2003; 

Hindley et al. 1994). An increase in the extracellular levels of adenosine 

has been revealed after nerve injury (Sawynok and Liu 2003). Under these 

pathological conditions, adenosine is released from a variety of cells types 
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such as neurons, neutrophils, mast cells, or fibroblasts and it comes also 

from the ATP, as a result of its dephosphorylation by ecto-50-nucleotidase 

(Sawynok and Liu 2003). One hypothesis to explain the absence of 

neuropathic pain manifestations in A2AR knockout mice could be that the 

adenosine released after nerve injury would act on the A2ARs expressed by 

microglia and astrocytes generating the activation of these cells, which are 

responsible for the neuroinflamatory process occurring during neuropathic 

pain. A recent study published after our article showed that neuropathic 

pain was decreased in a chronic constriction injury model in rats after a 

single intrathecal injection of ATL313, an adenosine A2AR agonist. The 

attenuation of these behavioural manifestations was also associated to a 

decrease of microglia and astrocyte activation (Loram et al. 2009). These 

authors suggest that the glial activation reported in our study was 

attenuated in knockout mice as a consequence of the reduction in 

peripheral A2AR stimulation that is known to be pronociceptive (Taiwo 

and Levine, 1990; Doak and Sawynok, 1995; Khasar et al., 1995). In 

contrast, the authors propose that the glial activation was attenuated in 

their study by direct action within the spinal cord or, more likely, by the 

diffusion of cerebrospinal fluid derived IL-10 that has been reported to 

suppress glial activation. Indeed, intrathecal A2AR agonist administration 

induces the accumulation of IL-10 in cerebrospinal fluid, suggesting that 

this would contribute to both suppression of spinally mediated 

neuropathic pain and glial activation (Loram et al. 2009)  

Contradictory results were also found in studies using A2AR agonists and 

antagonists. Indeed, peripheral administration of both A2AR agonist 

(ATL313) and antagonist (ZM241385) was able to improve pain 

manifestation in mice exposed to spinal cord injury. In contrast, the A2AR 

antagonist intrathecaly administered reverted the effects of ATL313, but 

did not improved neuropathic pain (Li et al. 2006). However, given the 

limited selectivity of these compounds, the pharmacological experiments 
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do not rule out the possibility that some of the effects of ATL313 or 

ZM241385 may be mediated by activation or inhibition of other adenosine 

receptors subtypes different from A2AR (Li et al. 2006). It seems that the 

protective effects of activation/blockade of A2AR depend on the animal 

model used and the route of administration. Moreover, the analgesic 

effects of the activation or blockade of A2AR depends also on the level of 

adenosine. Thus, positive effects of A2AR blockade likely occurs in a 

setting where local endogenous adenosine levels are high, while the 

protective effect of A2A agonists likely occurs at a time preceding the 

release of large amounts of endogenous adenosine from the injured tissue. 

It may be possible to exploit the differences in the kinetics of these A2AR-

mediated responses to optimize spinal cord protection by sequential 

application of agonists and antagonists (Li et al. 2006). 

The involvement of A2AR receptors in the control of pain is not limited to 

the periphery or the spinal cord. In the brain, the A2ARs are found 

predominantly in the dorsal and ventral striatum, that are not directly 

involved in pain regulation (Moreau and Huber 1999). However, A2ARs 

are also expressed with lower density in other brain regions, such as 

amygdala, thalamus and hypothalamus (Moreau and Huber 1999) that 

play a relevant role in the transmission and integration of nociceptive 

stimuli. Moreover, A2AR activation in the brain enhances the release of 

glutamate from glial cells (Moreau and Huber 1999; Nishizaki et al. 

2002). Excessive accumulation of glutamate can lead to synaptic 

deregulation, which could also participate in the central sensitization 

produced during neuropathic pain. Therefore, the potential role of A2ARs 

in the central integration of pain cannot be ignored. 

In summary, our results provide new evidence to support the crucial role 

of A2ARs in neuropathic pain modulation and reinforce the notion that 

A2ARs could be an interesting target for the development of new drugs for 

the management of the clinical manifestations of this pathology. 
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Sigma receptors as a new target for neuropathic pain treatment; 

Evaluation of the effect of the selective sigma-1 receptor antagonist 

S1RA in neuropathic pain using a new operant model (article 4) 

 

The existing animal models of neuropathic pain allow the study of the 

manifestations of this pathology and the efficacy of new potential 

pharmacological treatment. However the different compounds are always 

administered in these currently available models in a non contingent 

manner, which could limit the evaluation of their efficacy. Therefore, it 

would be of great interest to develop new animal models in which the 

animal could administer itself the analgesic compounds in a contingent 

manner. The potential results obtained in these contingent models would 

have a better extrapolation to the clinical human situation. In addition, 

these models would also permit the evaluation of a wide range of 

behavioural responses, which would provide important information to 

predict the clinical benefit/risk ratio of new analgesic compounds to treat 

chronic pain. Therefore, the next objective of the thesis was to set up a 

new operant model of contingent self administration of analgesic 

compounds in mice to evaluate the therapeutic potential of novel 

compounds for neuropathic pain.  

One of the most important side effects that can limit the use of novel 

pharmacological compounds to treat neuropathic pain is the potential 

abuse liability. In addition, hypolocomotion represents a serious limitation 

for the clinical use of some these new drugs. Both potential side effects of 

the novel therapeutic agents can be easily evaluated in an operant model 

of contingent self-administration of analgesic compounds. The 

relationships between the treatment of chronic pain and addiction is 

largely recognise and these relationships are difficult to be explored in the 

currently available behavioural models (Ballantyne and LaForge 2007; 
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Flugsrud-Breckenridge et al. 2007). Indeed, the presence of pain and the 

motivation to alleviate it seems to minimize the possible development of 

addictive behaviours with an appropriate opioid treatment protocol 

(Martin and Ewan 2008). In this sense, the rate of abuse of opioid 

analgesics in pain patients is relatively moderate (Cicero et al. 2005). 

However, other data have shown an increased prevalence of drug abuse in 

patients receiving opioids for chronic pain (Manchikanti 2007). Several 

animal studies also suggest that chronic pain attenuates the rewarding 

properties of opioids. Thus, inflammatory (Suzuki et al. 2001) and 

neuropathic pain (Ozaki et al. 2002; Ozaki et al. 2003; Ozaki et al. 2004) 

reduced morphine-induced conditioned place preference in rodents. 

Certain areas of the brain, such as the nucleus accumbens and the anterior 

cingulated gyrus are involved in both pain and addictive processes 

(Becerra et al. 2001). The relationships between chronic pain and 

addiction could be explored in the operant drug self-administration 

paradigm that we have set-up in our study. Indeed, this operant model 

allows the evaluation of the analgesic (mice exposed to neuropathic pain) 

and the reinforcing effects (sham-operated animals) of a pharmacological 

compound in the same paradigm. 

In the last years, a special attention has received the σ1R for its 

implication in pain modulation. Indeed, σ1Rs are expressed in key areas 

for pain control, such as the superficial layers of the dorsal horn, 

periaqueductal gray matter, locus coeruleus and rostroventral medulla 

(Diaz et al. 2009). Studies using both σ1R knockout mice and 

pharmacological blockade of these receptors revealed that these 

interventions decrease the behavioural manifestations of neuropathic pain 

in a partial sciatic nerve ligation model (Diaz et al. 2009). Furthermore, 

σ1Rs exert a modulatory role on the NMDA receptors, a key receptor 

involved in the central sensitization developed during neuropathic pain 

(Diaz et al. 2009). These data indicate that σ1Rs play an important role in 
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the neurobiological mechanisms leading to the development and 

maintenance of neuropathic pain. 

In this study, mice exposed to neuropathic pain were then trained to 

acquire an operant behaviour to self-administer intravenously the 

analgesic compound in order to set-up the new operant model of 

contingent self-administration of analgesic compounds. First, the animals 

were trained to acquire a food-maintained operant behaviour. Chronic 

pain was then developed in mice by partial sciatic nerve ligation. Once 

that chronic pain had reached a steady-state, mice were trained to maintain 

an operant behaviour to self-administer a new analgesic compound, the 

σ1R antagonist S1RA, which has been previously reported to alleviate 

neuropathic pain manifestations. The possible abuse potential of this new 

analgesic compound was identified by evaluating the self-administration 

behaviour in sham-operated mice. Two doses of this sigma antagonist, 3 

and 6 mg/kg/infusion, were used in the intravenously self-administration 

paradigm. The sciatic nerve ligation led to a neuropathic pain syndrome 

characterised by mechanical and thermal allodynia, and thermal 

hyperalgesia that were present from the first day of measurement and 

were maintained during the whole experimental sequence. We showed 

that the σR1 antagonist, S1RA, was able to decrease the behavioural 

manifestations of neuropathic pain after intravenous self-administration at 

both doses tested. Indeed, after 10 days of S1RA self-administration, 

animals with partial sciatic nerve ligation showed a significant reduction 

of thermal and mechanical allodynia and thermal hyperalgesia when 

compared with the saline group. These results are in accordance with the 

previous studies revealing the role of σR1 in the manifestations of 

neuropathic pain (Puente et al. 2009; Roh et al. 2008). In these previous 

studies, thermal hyperalgesia was not modified after the decrease of σR1 

activity. However, neuropathic pain model used in the pharmacological 

study was the chronic constriction injury that is different from the one 
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used in the present work. One important difference between these two 

models is that the manifestations of neuropathic pain after the partial 

sciatic nerve ligation are dependent on the activity of the sympathetic 

nervous system since the simpathectomy reverts these pain manifestations 

(Malmberg and Basbaum 1998), in contrast to the chronic constriction 

injury model. The difference between the results obtained in the present 

study and σR1 knockout mice could also be due to the possibility of 

adaptive compensatory changes in the genetic model. In addition, the 

mouse is self-administering itself the σR1 antagonist in the present study, 

whereas in the previous studies the drug was administered in a non-

contingent way. Studies using a yoking procedure have demonstrated that 

the neurobiological and neurochemical consequences of drug intake can 

differ depending on whether the animal self-administers the drug or if the 

drug is passively administered (Martin and Ewan 2008). In this sense, 

drug self-administration, unlike non-contingent infusions, merge many 

additional features of the drug different from its analgesic properties, 

including reinforcing effects and the consequent motivation to seek for the 

drug. Our operant model allows the animal exposed to the chronic 

neuropathic pain to seek for drug delivery in order to alleviate the pain, 

but also permits to evaluate the possible reinforcing effects of the drug by 

comparing the operant responses between sham-operated and animals 

exposed to the partial sciatic nerve ligation.  

Before acquiring the intravenous drug self-administration, mice were 

previously trained in the same operant paradigm to seek for food. 

Therefore, the response of the animals during the first days of drug self-

administration animals is influenced by the previous acquisition of the 

food maintained operant behaviour. Consequently, differences in self-

administration to the different doses of this analgesic compound reached 

the significance on the last day of training. Interestingly, mice that 

developed neuropathic pain maintained an operant behaviour to self-
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administer the σR1 antagonist compound at 3 and 6 mg/kg/infusion. The 

self-medication with this analgesic alleviates neuropathic pain as revealed 

by the significant attenuation of both hyperalgesia and allodynia on the 

last day of training to self-administer S1RA at both doses tested. In 

contrast, control mice exposed to sham surgery did not maintain such an 

operant behaviour to self-administer the sigma ligand at the dose of 6 

mg/kg/infusion, whereas a moderate self-administration was observed at 

the dose of 3 mg/kg/infusion. These results clearly reveal that mice 

exposed to chronic neuropathic pain maintained an operant behaviour to 

self-administer an elevated dose of the sigma ligand in order to alleviate 

the pain. However, a lower dose of the same sigma ligand was also self-

administered by mice not exposed to neuropathic pain, revealing the 

reinforcing effects of this compound. The progressive ratio schedule of 

reinforcement, design as a measure of motivation and performed in the 

last day of intravenous drug self-administration revealed no significant 

differences between the different animal groups. However, interesting 

results were found when the percentages of acquisition were compared. 

Thus, no differences in percentage of acquisition were found within the 

sham operated group, whereas within the sciatic nerve ligated group, this 

percentage was higher in animals that self-.administered both doses of 

S1RA when compared with mice self-administering saline. These results 

revealed that sham animals display the same incentive to seek for the 

sigma antagonist compound than saline, whereas this incentive to seek the 

antagonist was enhanced in mice exposed to neuropathic pain. 

The results obtained in our experiment were not due to a modification in 

the locomotor activity or any physical alteration that would prevent the 

mice from nose-poking or from maintaining a sufficient activity to obtain 

drug infusion. Indeed, no differences in the number of inactive hole 

responses were seen between the different animal groups exposed or not 

to S1RA. 
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Chronic pain is often associated to several emotional consequences that 

impair the quality of life of these patients and difficult the therapeutic 

approach. Indeed, depressive-like symptoms are often present in patients 

suffering chronic pain, (Campbell et al. 2006), which aggravates the 

consequences and manifestations of pain (Ong and Keng 2003). Because 

depression and chronic pain are often associated, an appropriate treatment 

of both emotional components of the chronic pain and painful symptoms 

may improve the beneficial effects in these patients (Campbell et al. 

2006). In a second experiment, we evaluated the consequence of non-

contingent S1RA administration on the anhedonic state induced by the 

sciatic nerve ligation. This emotional feature was assessed by measuring 

the preference for sucrose solution in the Phecomp food and drink 

monitoring system that was described in the previous paragraphs. It has 

been previously described that the consumption and the preference for 

highly palatable sweet solutions is decreased during in anhedonic state 

(Papp et al. 1991; Strekalova et al. 2004; Strekalova and Steinbusch 

2010). In accordance, we found that anhedonia induced by the exposure to 

neuropathic pain diminishes the sucrose intake. In addition, non-

contingent administration of the sigma 1 antagonist improved this 

emotional response. Indeed, animals exposed to partial sciatic nerve 

ligation receiving S1RA displayed the same preference for sucrose 

solution as sham-operated mice. These data show that S1RA is able to 

improve both physical and emotional manifestations of neuropathic pain 

pointing the high potential interest of this new compound for the treatment 

this pathology.  

Our results revealed the analgesic efficacy of a new σR1 antagonist, 

S1RA, in the treatment of neuropathic pain. This analgesic effect was 

observed together with an improvement of the emotional consequences 

associated to the presence of chronic pain. S1RA administered at the 

highest dose was devoid of addictive-like effects. The operant responses 
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evaluated in this animal model have a high predictive value to estimate the 

clinical benefit/risk ratio of new analgesic compounds to treat chronic 

pain, such as S1RA.  
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Conclusions: 
 
The main conclusions of the work presented in this thesis can be 

summarized as follows:  

 

 
1.  The cognitive effects of nicotine and physosotigmine were 

attenuated in the absence of CB1 cannabinoid receptor activity in 

the active avoidance paradigm. However, scopolamine cognitive 

effects are independent from CB1 receptor activity in this task.  

 

2. The cognitive responses induced by rimonabant were similar in 

the active avoidance and the two object recognition paradigms 

and were different to those observed in CB1 knockout mice. 

 

3. The deleterious effects of the high fat diet on glucose, insulin and 

cholesterol levels were prevented in CB1 knockout mice. 

Interestingly, nicotine reduced body weight and glucose levels, 

and induced anxiogenic-like effects in wild-type mice, but not in 

CB1 knockout animals. The mutant mice also showed lower 

preference for high palatable drink in the absence of nicotine 

treatment.  

 

4. The results obtained after nicotine treatment on metabolism and 

anxiogenic-like responses provide new evidence of the important 

role played by the endocannabinoid system in the 

pharmacological responses of nicotine that will be useful to better 

understand the interactions between nicotine and cannabinoid 

compounds. 
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5. A2AR deficient mice showed a significant decrease of the 

mechanical allodynia and a suppression of thermal hyperalgesia 

and allodynia induced by a the parcial sciatic nerve ligation. The 

expression of microglia and astrocytes was enhanced in wild-type 

mice exposed to sciatic nerve injury and this response was 

attenuated in knockout animals.  

 

6. The new σR1 antagonist, S1RA, revealed a robust efficacy in the 

alleviation of neuropathic pain manifestations. The analgesic 

effects of this compound were observed together with an 

improvement of the emotional deficits consequences associated to 

the presence of chronic pain. S1RA administered at the highest 

dose was devoid of reinforcing effects.  

 

7. We demonstrated the involvement of A2ARs and σR1 in the 

control of neuropathic pain and propose these receptors as 

interesting targets for the development of new drugs for the 

management of these clinical manifestations of pain. 

 

8. We succeed to validate a new operant animal model with a 

high predictive value to estimate the clinical benefit/risk 

ratio of new analgesic compounds to treat chronic pain. 
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