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Abstract  

 
 
The rapid increase of obesity has encouraged the study of the 

aetiology of eating disorders. Besides genetic, social and metabolic 

factors, obesity is caused by over-eating and has high rate of relapse 

to abnormal food-taking habits, which is mainly provoked by food-

associated cues. High-palatable food intake shares similarities with 

the consumption of addictive drugs since it engages brain reward 

systems and produces comparable behavioural adaptations. 

However, the mechanism of the transition from normal food 

consumption to pathological over-eating remains obscure. Animal 

models are crucial to study the underlying mechanisms and are also 

excellent tools to facilitate the research of new pharmacological 

targets and to evaluate the benefit/risk ratio of potential novel 

treatments. We have focussed our research in the study of novel 

potential targets for eating disorders using new animal models 

developed in our laboratory. Firstly, we investigated the effects of 

the chronic blockade of the endocannabinoid system as anti-obesity 

treatment in a novel model of diet-induced obese rats and the role of 

the endocannabinoid system on cognitive processes and metabolism 

in mice using new behavioural devices. Secondly, we validated new 

sophisticated behavioural models of relapse and frustration in mice 

to investigate these key elements in the development of overeating. 
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Resumen 
 
 

L’augment de l’obesitat promou l’estudi de l’etiologia dels 

trastorns alimentaris. A més dels factors genètics, socials i 

metabòlics, l’obesitat es deu a la ingesta excessiva i hi ha una 

elevada recaiguda a hàbits alimentaris anormals per factors 

ambientals associats al menjar. El consum de menjar d’alta 

pal·latabilitat s’assembla al de substàncies addictives donat que 

implica els sistemes cerebrals de recompensa produint adaptacions 

comportamentals comparables. Tanmateix, el mecanisme de 

transició d’un consum normal de menjar a un consum patològic 

excessiu es coneix poc. Els models animals són molt importants per 

conèixer els mecanismes d’aquests processos patològics i eines 

excel·lents per trobar noves dianes farmacològiques, així com per 

avaluar el risc/benefici de possibles nous tractaments. Hem centrat 

el nostre treball en l’estudi de noves dianes per als trastorns 

alimentaris emprant nous models animals posats a punt en el nostre 

laboratori. Primer, hem estudiat els efectes del bloqueig crònic del 

sistema endocannabinoide com un tractament anti-obesitat en un 

nou model d’obesitat induïda en rates i la implicació del sistema 

endocannabinoide en els processos cognitius i metabòlics en 

ratolins emprant nous sistemes comportamentals. Segon, hem 

validat nous models de recaiguda i frustració en ratolins per estudiar 

aquests elements claus en el desenvolupament de l’obesitat. 
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Santrauka 
 
 
Spartus nutukimo plitimas skatina vykdyti daugiau valgymo 

sutrikimų etiologijos tyrimų. Neskaitant genetinių, socialinių ir 

medžiagų apykaitos veiksnių, nutukimą taip pat sukelia 

persivalgymas ir dažnas grįžimas prie blogų mitybos įpročių, 

kuriuos paprastai išprovokuoja su maistu susijusios asociacijos. 

Labai skanaus (saldaus) maisto vartojimą įprasta lyginti su 

narkotinių medžiagų vartojimu, nes toks maistas intensyviai 

stimuliuoja smegenų atlygio sistemas ir skatina panašius elgesio 

adaptacijos procesus. Tačiau perėjimo mechanizmas nuo įprasto 

maisto vartojimo prie patologinio persivalgymo tebėra neaiškus. 

Gyvūnų elgesio modeliai yra labai svarbūs bandant išsiaiškinti 

pagrindinius šio mechanizmo procesus; taip pat tai priemonės, labai 

palengvinančios naujų farmakologinių taikinių paieškas bei 

leidžiančios įvertinti potencialių naujų gydymo metodų naudos ir 

rizikos santykį. Daugiausiai dėmesio tyrimuose skyrėme naujų 

potencialių valgymo sutrikimų taikinių  paieškai, naudojant naujus 

gyvūnų modelius, sukurtus mūsų laboratorijoje. Pirma, tyrėme 

chroninį endokanabinoidinės sistemos blokavimą kaip priemonę 

kovai su žiurkių nutukimu, sukeltu naudojant naują persivalgymo 

nulemtą nutukimo modelį. Tuo pat metu, naudodami naujus 

prietaisus pelių monitoringui, tyrėme pelių endokanabinoidinės 

sistemos rolę pažinimo procesuose ir medžiagų apykaitoje. Antra, 

patvirtinome (sukūrėme) naujus ir sudėtingus elgesio modelius, 

skirtus vertinti pelių atkryčio sindromui ir frustracijai, kurie gali 

būti naudojami tyrinėjant pagrindinius persivalgymo elementus.  
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1. Food intake 

 

The consumption of food provides for all organisms their 

nutritional needs particularly for energy and growth in order to 

survive. The development of hunger in response to periods of food 

deprivation is a basic feature of motivated ingestive behaviour and 

the cessation of intake usually occurs when animals become 

satiated. This simple behaviour at the first glance elicited multiple 

questions to scientists for generations to understand how animals 

know when they are hungry or why they stop eating when they do 

(Harris and Mattes, 2008). Complex physiological systems have 

been developed to ensure that energy and nutritional requirements 

are fulfilled. Thus, energy homeostasis is regulated by complex 

signals that control food intake and energy utilization with the goal 

of keeping the energy stores sufficient and relatively constant. Food 

intake has been traditionally included within the framework of 

energy homeostasis and as the main behavioural contributor to the 

maintenance of body fat content and energy balance. Food intake is 

influenced by these regulatory factors as well as by non-regulatory 

determinants associated with the food environment, like food 

palatability and cognitive influences. These non-regulatory factors 

have become particularly important in recent years and new studies 

suggest that human food intake often does not appear to fit with the 

exclusive influence of the traditional regulatory factors (Harris and 

Mattes, 2008). Many different signals contribute to food intake such 

as taste, palatability, caloric requirements and others (Fig. 1.1).  
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Figure 1.1. Main regulatory (physical and metabolic) and non-regulatory 
(hedonic, experiential, social, pharmacological and environmental) factors that 
determine food intake. 
 

The control of food intake and energy metabolism is therefore 

a complex process that depends on the ability of the brain to receive 

and integrate a wide range of signals indicating the nutritional state 

and the energy level of the organism in order to produce appropriate 

responses in terms of food intake, energy expenditure, and 

metabolic activity (Williams et al., 2001). Furthermore, it is now 

generally accepted that the basic homeostatic model is overly 

simplistic and does not acknowledge the role played by external 

factors in the regulation of food intake. In evolutionary terms, the 

homeostatic system was important to ensure that enough energy is 

ingested to fuel the requirements of the organism for survival 

throughout periods of scarcity. In contrast, there was no 

evolutionary pressure to develop a mechanism of defence against 

excess adiposity. Indeed, the operation of a negative feedback 
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homeostatic system is likely to be not efficient against the current 

‘obesogenic’ epidemic considering the abundance of cheap, easily 

obtainable, highly palatable and highly caloric food, (Berthoud, 

2004; de Castro and Plunkett, 2002).  
 

1.1. Ingestive behaviour 

 

Eating generally occurs in distinct bouts or meals, the size and 

number of which vary considerably among individuals. Vertebrates 

are able to cope with this variability because they store excess 

caloric energy when large amounts of food are available leading to 

draw reserves that could be needed in other periods. Despite marked 

day-to-day fluctuations in food intake and physical activity, most 

healthy adult mammals maintain a steady body weight over many 

years. This indicates that cumulative energy intake is normally 

matched with great precision to energy expenditure. The entry of 

calories into the blood from either the gut or energy stores, as well 

as the uptake and utilization of these calories by the various tissues, 

are controlled by the brain and several peripheral tissues, mainly the 

liver (Woods et al., 2000) (Fig. 1.2).  

Both brain and liver detect energy available in the blood, and 

intercommunicate via direct neural connections. The liver 

additionally has the ability to convert energy from one molecular 

form to another as needed, i.e., from carbohydrate to fat, or from 

amino acids or fat to carbohydrate. The liver is also the primary site 

for delivery of glucose to the circulation when glucose is no longer 

being absorbed from the gastrointestinal tract (Woods et al., 2000).  
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Figure 1.2. Model of glucose homeostasis regulation. The brain integrates signals 
and generates responses that coordinate hepatic glucose production, peripheral 
glucose uptake, and insulin secretion to maintain glucose homeostasis. GI tract, 
gastrointestinal tract (Morton and Schwartz, 2011). 
 

The liver detects local reductions of fat availability and/or 

usage in accordance with the continuous need for adequate levels of 

energy derived from fat. For this purpose, the liver activates distinct 

neural pathways that enter the brainstem and pass anteriorly to the 

forebrain, to interact with controllers of energy homeostasis (Grill et 

al., 1995). Analogously, sensors in the hindbrain (Ritter and Dinh, 

1994) detect reductions of glucose availability (Ritter et al., 1998).  

In addition, the pancreas contributes to peripheral glucose 

metabolism via secretion of the antagonistic hormones glucagon 

and insulin. Vagal parasympathetic outflow regulates the release of 

glucagon (Rossi et al., 2005). Hypothalamus provides sympathetic 
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input to white adipose tissue (Bamshad et al., 1998). Sympathetic 

innervation of white adipose tissue is a key initiator of lipolysis 

(Shrestha et al., 2010), a process at least partly regulated by the 

melanocortin pathway (Brito et al., 2007). Brown adipose tissue, 

crucial for thermoregulation, is densely innervated by sympathetic 

neurons with strong upstream input from the paraventricular 

nucleus (Bamshad et al., 1999).  

The gastrointestinal tract, the first point of contact with 

ingested food, initiates a series of homeostatic mechanisms to 

regulate plasma glucose levels at normal levels during fasting and 

postprandial periods. Ingested nutrients stimulate the secretion of 

incretins, such as glucagon-like peptide 1 (GLP-1) and glucose-

dependent insulinotropic polypeptide from the gut that enhance 

insulin secretion and initiate a gut–brain–liver axis by responding to 

small amounts of triacylglycerols in the duodenum to rapidly 

increase insulin secretion (Das, 2010). Muscular activity accounts 

for much of the body's energy consumption. Leptin regulates 

muscle metabolism via a central circuit because injections into the 

hypothalamus increase sympathetic nervous system outflow to 

muscle (Dunbar et al., 1997), thereby stimulating glucose uptake 

(Minokoshi et al., 1999) and fatty acid oxidation (Akasaka et al., 

2009; Minokoshi et al., 2002). Finally, muscle, adipose tissue, 

pancreas, liver, and hypothalamic neurons communicate with each 

other to maintain energy homeostasis by neural and humoral 

pathways (Das, 2010). 
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1.1.1. Meal initiation 

 

The brain and liver are very efficient at controlling the 

provision of energy and adequate amounts of main utilizable fuels 

(glucose and fats) are generally always available to tissues via the 

blood. Fluctuations in the circulating levels of these fuels generally 

occur only during and after meals since ingested energy passes from 

the gut into the circulation, and from there into tissues and energy 

storage organs. Decreases of plasma fuels below levels adequate to 

meet tissue requirements are rare in normal individuals. These 

conditions can be experimentally induced if the amount of energy 

derived from glucose is decreased, either by drugs that deplete it 

from the blood [exogenous insulin (Grossman, 1986)] or drugs that 

prevent its cellular oxidation [2-deoxy-D-glucose (Grossman, 

1986)], producing an emergency situation when the brain detects its 

requisite fuel supply dwindling that leads to seek and ingest food 

(Langhans, 1996). Likewise, if fat consumption is experimentally 

compromised, the source of usable fuel by the liver is challenged 

leading animals to seek and ingest food (Langhans, 1996).  

Animals initiate meals even when energy is readily available. 

In fact, eating is a relatively inefficient way to get calories into the 

blood rapidly unless pure glucose is available (rare in natural 

settings) since foods must be processed and digested, and then 

absorbed into the blood. Despite this time lag between food 

ingestion and the appearance of nutrients in the bloodstream, the 

concept that eating is triggered as a means to replenish dwindling 

fuel supplies has persisted for many decades. Thus, cutting the 
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vagus nerve, which regulates the brain control of multiple metabolic 

regions, disrupts the relationship between changes of glucose and 

the start of meals (Campfield and Smith, 1990). The body 

temperature of rats begins to increase prior to spontaneous meals 

and then declines as the meal is terminated (De Vries et al., 1993). 

Likewise, metabolic rate has been found to decrease prior to the 

start of spontaneous meals, and to increase as eating begins (Even 

and Nicolaidis, 1985). All these parameters (blood glucose, 

temperature and metabolic rate among others) begin a slow change 

10–15 min before meals start, and all are therefore highly correlated 

with meal onset. Rats increase their locomotor activity prior to 

spontaneous meals with a slightly different time course (Aravich et 

al., 1995). All these observations support the hypothesis that 

animals eat because these changes are occurring before. Thus, the 

decrease of blood glucose, the decrease of metabolic rate, and the 

exercise-induced use of fuels are causally related to meal onset. 

However, based upon factors such as habit or opportunity, the brain 

may determine when a meal is going to start, and initiate metabolic 

changes to prepare the body to receive the food (Richardson et al., 

1994). In this schema, animals do not initiate meals because some 

tissues are running out of energy supply, but rather animals eat 

when it is accustomed to eating, or when its predators have left. The 

timing of meals is idiosyncratic and dictated by an individual’s 

lifestyle, convenience, and opportunity (Woods et al., 2000).  

An important question concerns the factors that cause an 

individual to initiate a meal, or to experience ‘‘hunger.’’ Time of 

day is a particularly salient cue (Woods et al., 1996), and a large 
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literature documents the observation that when animals are 

habitually fed at the same arbitrarily-selected time each day, they 

learn to secrete hormones and synthesize neurotransmitters that are 

important controllers of food intake at the same time, such as 

insulin (Woods et al., 1996) and neuropeptide Y (NPY) (Yoshihara 

et al., 1996). Animals readily learn associations based upon the 

caloric content of food they receive, and the later presence of these 

cues in turn contributes to how much food is consumed during 

meals (Sclafani, 1997).  
 

1.1.2. The control of meal size 

 

Energy homeostasis can be achieved if there is an appropriate 

control of the meal size. The main point of the regulation of energy 

homeostasis is supposed to be the control of how many calories are 

consumed when eating occurs, because the timing and frequency of 

meals are driven more by lifestyle than by immediate need. Then, 

caloric intake is matched to caloric expenditure over long intervals 

(Dorre and Smith, 1998; Woods et al., 2000). In agreement, the 

amount of food consumed during individual meals is under the 

control of signals generated in response to the food being eaten 

(Smith and Gibbs, 1992). The sensitivity of the brain to these meal-

generated signals is in turn determined in part by the size of the 

adipose mass. Thus, when animals are administered compounds 

such as leptin or insulin that indicate to the brain that body fat has 

increased, they become more sensitive to the meal suppressing 
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action of meal-generated signals, such as cholecystokinin (CCK) 

(Barrachina et al., 1997; Matson and Ritter, 1999).  

The digestive system controls an analogously wide spectrum 

of digestive enzymes and secretions to customize the digestive 

process with what has entered the gut. This control is accomplished 

via sensors in the mouth and digestive tract that analyse the food 

content consumed and coordinate the precise blend of digestive 

juices to be added and the speed with which the material moves 

through the digestive tract (Carlson, 2012). The brain consequently 

integrates this information with other controllers and thereby 

determines the meal size. The gut peptide CCK is the best-known 

example of these meal-generated and meal size–controlling signals. 

There are several other gut peptides with similar actions, although 

the way by which their signals are sent to the brain differs. These 

include members of the bombesin family of peptides (gastrin 

releasing peptide and neuromedin B in mammals) (Dorre and 

Smith, 1998), glucagon (Asarian et al., 1998), somatostatin (Lotter 

et al., 1981), amylin (Morley and Flood, 1991), enterostatin 

(Erlanson-Albertsson and York, 1997), and ghrelin (Kojima et al., 

1999) among others (see chapter 1.3).  

Other different kinds of signals, including the amount of 

distension or stretch in the stomach also normally help to limit the 

meal size. Thus, vagal sensory nerve terminals in the muscle layers 

of the stomach are situated to function as tension or stretch 

receptors. These same nerves have other branches with different 

kinds of sensory endings (Berthoud and Powley, 1992), suggesting 

that different kinds of sensory information can be integrated within 



Introduction 

 12 

single vagal neurons. These signals collect information about 

numerous key parameters related to food intake that converge in the 

brainstem (Wang et al., 1998), and include gastric stretch, 

information on the specific types and amounts of food, the relative 

amounts of water and solutes, and the possible presence of toxins 

(Woods et al., 2000). 
 

1.2. Central regulation 

 

Controlling energy balance demands extensive coordination 

from the central nervous system (CNS). The brain integrates 

numerous signals to determine the energy requirement of the body, 

to modify the experience of hunger and to initiate the relevant 

behavioural actions. Central regulation of food intake is organized 

as a long-loop mechanism involving humoral signals and afferent 

neuronal pathways mainly acting in hypothalamic neuronal circuits, 

and descending commands using vagal and spinal neurons 

(Palkovits, 2003).  
 

1.2.1. Hypothalamus 

 

Several brain regions have been involved in the control of 

energy homeostasis and the hypothalamus has long been considered 

the main “feeding control centre” acting as an integrator of signals 

from central and peripheral structures (Magni et al., 2009). Sensor 

mechanisms, receptors sensitive to glucose and fatty acid 

metabolism, neuropeptides, cannabinoid receptors as well as 
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neurotransmitters and neuromodulators synthesized within the CNS 

itself have been identified and localized in the hypothalamus 

(Magni et al., 2009; Palkovits, 2003). Homeostatic feedback 

mechanisms involving afferent neuroendocrine signals from 

peripheral organs and tissues (adipose tissue, gut, stomach, 

endocrine pancreas, adrenal, muscle, and liver) to hypothalamic 

sites contribute to the maintenance of normal feeding behaviour and 

energy balance (Magni et al., 2009).  

Hypothalamic nuclei play a central role in the control of 

both hunger and satiety. The arcuate nucleus, paraventricular 

nucleus, dorsomedial hypothalamic nucleus, lateral hypothalamic 

area and the ventromedial hypothalamic nucleus are key 

hypothalamic sites for the control of these responses (Williams 

and Elmquist, 2012). The arcuate nucleus is readily accessible to 

peripherally generated signals and contains functionally discrete 

populations of neurones that indicate the nutritional status 

(Harrold et al., 2012). The orexigenic neuropeptides NPY and 

agouti-related peptide (AgRP) are co-localised in a particular 

subpopulation of neurones of the arcuate nucleus. The 

anorexigenic neuropeptides proopiomelanocortin (POMC) and 

cocaine- and amphetamine- regulated transcript (CART) are co-

localised in an adjacent subset of arcuate nucleus neurones (Elias 

et al., 1998). The arcuate nucleus also has extensive reciprocal 

connections with other hypothalamic appetite regulating regions 

including the paraventricular nucleus, dorsomedial hypothalamic 

nucleus and lateral hypothalamic area. In addition, hypothalamic 

nuclei receive afferent information via the solitary tract/area 
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postrema.  

The paraventricular nucleus integrates signals from many 

neuronal pathways that regulate energy intake. These pathways 

include NPY/AgRP and POMC/CART neurones of the arcuate 

nucleus and orexin neurones of the lateral hypothalamic area 

(Schwartz et al., 2000). Infusions of various substances into the 

paraventricular nucleus modifies food intake, whilst lesions of this 

region result in hyperphagia, reduced energy expenditure and 

obesity (Shor-Posner et al., 1986). The paraventricular nucleus 

also communicates with brainstem areas that play a role in the 

control of eating. Neurones from the paraventricular nucleus 

project to the nucleus of the tractus solitarius (Blevins et al., 2003) 

and the pharmacological manipulation of these neurones affects 

eating responses to hypothalamic manipulations.  

The key neuronal populations involved in appetite regulation 

and the converging of peripheral and central signals within the 

hypothalamus are shown in figure 1.3. In summary, NPY and 

AgRP neurons are considered to be first-order orexigenic neurons, 

whereas POMC/CART neurons are considered to be first-order 

anorexigenic neurons (Schwartz et al., 2000). Second-order 

orexigenic peptides, which promote food intake and decrease 

energy expenditure, include orexin, melanin-concentrating 

hormone and cannabinoids. Anorexigenic signals include α-

melanocyte stimulating hormone, corticotrophin releasing 

hormone, and serotonin (5-HT) (Schwartz et al., 2000).  
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Figure 1.3. Appetite regulation is controlled by complex neuronal pathways 
which have reciprocal connections between the hypothalamus, brainstem and 
higher cortical areas. Peripheral signals conveying information can act via neural 
pathways via the brainstem and hypothalamus directly. Alternatively, due to the 
presence of an incomplete blood-brain barrier at the median eminence and area 
postrema, gut hormones and adiposity signals can act via the bloodstream to 
influence signalling of known appetite controlling pathways such as NPY/AgRP 
and POMC/CART neurons within the arcuate nucleus. Signals from higher 
cortical centres are integrated with peripheral signals within hypothalamic nuclei. 
CNS, central nervous system; ARC, arcuate nucleus; NPY/AgRP, neuropeptide Y 
and agouti related peptide; POMC/CART, proopiomelanocortin and cocaine- and 
amphetamine-regulated transcript; PVN, paraventricular nucleus; LHA, lateral 
hypothalamic area; DMN, dorsomedial nucleus; VMN, ventromedial 
hypothalamic nucleus; ME, median eminence; DVC, dorsal vagal complex; 
DVN, the dorsal motor nucleus of vagus; NTS, the nucleus of the tractus 
solitarius; AP, area postrema; GI tract, gastrointestinal tract; TRH, thyrotropin-
releasing hormone; CRH, corticotrophin-releasing hormone; MCH, melanin-
concentrating hormone; BDNF, brain-derived neurotrophic factor; GLP-1, 
glucagon-like peptide-1; CCK, cholecystokinin; PP, pancreatic polypeptide; 
PYY, peptide YY; OXM, oxyntomodulin; BBB, blood-brain barrier (Suzuki et 
al., 2010). 
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1.2.2. Reward system 

 

Environmental cues, cognitive processes, rewarding stimuli, 

and emotional factors play an important role in food intake in 

humans which may override homeostatic requirements (Berthoud, 

2006). Food reward represents an important component involved in 

liking, wanting, and learning to acquire food, and each of these 

aspects has separate but overlapping neuropsychological substrates. 

The corticolimbic pathways are responsible for the reward control 

of feeding behaviour, and include the striatum, amygdala, ventral 

tegmental area, nucleus accumbens, insular cortex, anterior 

cingulate cortex and orbitofrontal cortex (Fig. 1.4).  

The orbitofrontal cortex regulates gustatory, olfactory, visual, 

somatosensory and sensory functions, such as taste and smell, and 

has an important role in reward related feeding (Rolls, 2011). The 

orbitofrontal cortex projects to the hypothalamus, where neurons 

respond to the sight, smell and taste of food if hunger is present 

(Grabenhorst et al., 2010). It is notable that the pregenual cingulate 

cortex, an area in which many pleasant stimuli are represented, is 

strongly activated by the texture of fat in the mouth and by oral 

sucrose (De Araujo and Rolls, 2004). The pleasantness of fat texture 

may be represented in the orbitofrontal and anterior cingulate 

cortex, since activations in these regions are correlated with the 

subjective pleasantness of fat (Grabenhorst et al., 2010). 
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Figure 1.4. Brain reward circuitry. A: Neurons in the VTA of the midbrain 
project to forebrain areas including the NAc, striatum and cortex, and assign 
reward value to palatable food. B: Perception of pleasure associated with 
consumption of a palatable food involves neuronal activation in the NAc and 
striatum, which through activation of opiate peptide receptors disinhibits the 
lateral hypothalamic area and thereby stimulates feeding. Amy, amygdala; GP, 
globus pallidus; NAc, nucleus accumbens; VTA, ventral tegmental area (Morton 
et al., 2006). 

 
The limbic sites that play the most prominent role in appetite 

regulation include the nucleus accumbens and amygdala. These 

sites process appetitive and rewarding aspects of food intake, 

including palatability and pleasure that are arguably the most 

powerful motivators of food intake. The nucleus accumbens 

contains both dopaminergic and opioidergic neuronal pathways and 

acts as an interface between motivation and actual feeding 
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behaviour. The µ-opioid receptor activation in the nucleus 

accumbens preferentially stimulates intake of high-fat diet 

regardless of diet preference at baseline (Zhang et al., 1998). 

Several studies using nucleus accumbens dopamine (DA) depletions 

and intra- nucleus accumbens injections of DA antagonists suggest 

that interference with nucleus accumbens DA transmission does not 

impair food intake (Baldo et al., 2002; Kelley et al., 2005b; 

Salamone et al., 1993). However, impaired transmission DA in the 

nucleus accumbens disrupted behavioural responsiveness to cues 

associated with reinforcers (Nicola, 2010). Animals reallocate their 

instrumental behaviour away from food-reinforced tasks with this 

DA disruption and show less interest for food-seeking behaviours 

when high responding rates are required (Lex and Hauber, 2008). 

Thus, food-reinforced lever pressing tasks that have minimal work 

requirements are generally reported to be only minimally affected 

by nucleus accumbens DA depletions or antagonism, while 

schedules that have high work requirements (e.g., large ratio 

requirements) are substantially impaired (Mingote et al., 2005; 

Nunes et al., 2013). In addition, cannabinoid, acetylcholine and 

GABA neurotransmission have been implicated in food reward 

within the nucleus accumbens (Cota et al., 2006; Zheng et al., 

2007). Reciprocal connections have also been identified between 

the nucleus accumbens and the lateral hypothalamic area that 

provide an interaction between homeostatic and non-homeostatic 

regulatory pathways (Stratford et al., 1999). Activation of opioid 

neurones in the nucleus accumbens releases these lateral 
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hypothalamic area neurones from a tonic inhibition and stimulates 

food intake (Kelley et al., 2005a).  

The amygdala is influencing reward-related food intake since 

a reciprocal connection between the central nucleus of the amygdala 

and the nucleus accumbens is involved in opioid-mediated eating 

(Kim et al., 2004) and connections between the basolateral 

amygdala and forebrain regions appear to play a role in assessing 

food palatability (Balleine et al., 2003).  

DA appears to be associated with reward-related food intake 

and with behaviours required to maintain feeding essential for 

survival. Indeed, the selective inactivation of tyrosine hydroxylase 

that produces a depletion of DA in mice develops fatal hypophagia, 

and replacement of DA in these animals to the caudate putamen or 

nucleus accumbens restores preference for sucrose or palatable 

chow (Szczypka et al., 2001). However, DA may have more 

complex effects on feeding, since DA signalling in the dorsomedial 

nucleus and the arcuate nucleus of hypothalamus may inhibit food 

intake (Schwartz et al., 2000). 
 

1.2.3. Other brain areas 

 

Accumulating evidence suggests that extra hypothalamic sites 

also contribute to the effects of leptin on food intake and energy 

balance (Berglund et al., 2012; Scott et al., 2011; Williams et al., 

2011). Notably, the dorsal vagal complex that consists of the dorsal 

motor nucleus, the area postrema, and the sensory nucleus of the 

tractus solitarius has been classically associated with feeding 
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behaviours owing to the vago-vagal reflex and linking the CNS with 

the peripheral tissues (Schwartz, 2000). Moreover, the dorsal vagal 

complex, similarly to the arcuate nucleus, is well positioned to 

receive and integrate peripheral signals such as leptin (Berthoud, 

2008; Grill et al., 2002) (Fig. 1.3). Interestingly, knockdown of 

leptin receptor expression in the hindbrain results in hyperphagia on 

both standard chow and high-fat diet, resulting in weight gain 

(Skibicka and Grill, 2009). In support of these data, selective 

deletion of leptin receptors in the dorsal vagal complex has modest 

effects on food intake, although it did not influence body weight 

largely owing to an increase in energy expenditure (Scott et al., 

2011). The neurons of nucleus tractus solitarius express leptin 

receptors and delivery of leptin intra-nucleus tractus solitarius 

reduces food intake and body weight (Grill et al., 2002). Through 

the sensing of gut stretch, the neurons of nucleus tractus solitarius 

relay information on satiety to hypothalamic centres and receive 

output from these same areas to produce a change in food intake 

(Grill, 2010). However, exactly how these pathways interact to 

produce a change in feeding is only beginning to be described. 

Previous tracing experiments have shown that the paraventricular 

and dorsomedial hypothalamic nuclei receive a significant input 

from the GLP-1 neurons of nucleus tractus solitarius, demonstrating 

connections between two important hypothalamic sites implicated 

in the control of food intake (Vrang et al., 2007). Interestingly, 

output from the neurons of the nucleus tractus solitarius expressing 

leptin receptors likely involves a polysynaptic loop, signalling first 

to the hypothalamus, and then back to the hindbrain and the vagus 
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(Skibicka and Grill, 2009). 
 

1.3. Peripheral regulation 

 

Peripheral food-intake signals can be divided into (1) long-

term adiposity signals that mainly include leptin, insulin, glucagon, 

and adiponectin exerting prolonged energy control, and (2) short-

term adiposity signals that include ghrelin, peptide YY (PYY), 

GLP-1, CCK, and pancreatic polypeptide (PP) among others acting 

to initiate or terminate food intake (Fig. 1.5). The blood brain 

barrier is a regulatory interface that controls the transport of long-

term signals like leptin, ghrelin, glucose, insulin, and insulin-like 

growth factor 1 (Banks, 2006; Yu et al., 2006). Leptin, mainly 

derived from adipocytes, circulates in concentrations proportional to 

body fat content (Ahren et al., 1997; Maffei et al., 1995). Leptin 

concentration is lowered by food restriction and restored by re-

feeding and when leptin is administrated centrally and/or 

peripherally decreases food intake and body weight (Friedman and 

Halaas, 1998). Mice deficient in leptin (ob/ob) or the leptin receptor 

(db/db) are obese, hyperphagic, hyperinsulinemic, hyperlipidemic, 

and hypothermic (Muoio and Lynis Dohm, 2002). The leptin 

receptor is primarily expressed in the hypothalamus in areas 

involved in control of food intake and energy balance, such as the 

arcuate nucleus, the paraventricular nucleus, the dorsomedial 

hypothalamic nucleus, and the ventromedial hypothalamic nucleus 

(Zhang et al., 2005).  
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Figure 1.5. The brain integrates long-term energy balance. Peripheral signals 
relating to long-term energy stores are produced by adipose tissue (leptin) and the 
pancreas (insulin). Feedback relating to recent nutritional state takes the form of 
absorbed nutrients, neuronal signals, and gut peptides. Neuronal pathways, 
primarily by way of the vagus nerve, relate information about stomach distention 
and chemical and hormonal state to the nucleus tractus solitarius (NTS) within the 
dorsal vagal complex (DVC). Hormones released by the gut have incretin-, 
hunger-, and satiety-stimulating actions. The incretin hormones glucagon-like 
peptide 1 (GLP-1), glucose-dependent insulinotropic polypeptide (GIP), and 
potentially oxyntomodulin (OXM) improve the response of the endocrine 
pancreas to absorbed nutrients. GLP-1 and OXM also reduce food intake. Ghrelin 
is released by the stomach and stimulates appetite. Gut hormones stimulating 
satiety include cholecystokinin (CCK) released from the gut to feedback by way 
of vagus nerves. OXM and peptide YY (PYY) are released from the lower 
gastrointestinal tract and pancreatic polypeptide (PP) is released from the islets of 
Langerhans (Badman and Flier, 2005). 

 

Insulin, which is produced by β cells in the islets of 

Langerhans in the pancreas, also circulates in the bloodstream in 
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proportion to body fat content (Bagdade et al., 1967) and is thought 

to be indirect proportion to visceral fat mass. A central injection of 

insulin decreases food intake and body weight (Gerozissis, 2004). 

Glucagon hormone is synthesized and secreted from α-cells of the 

islets of Langerhans. This hormone raises blood glucose levels, the 

opposite effect than insulin (Kieffer and Habener, 1999). 

Adiponectin is a protein hormone that modulates a number of 

metabolic processes, including regulation of fatty acid oxidation 

(Diez and Iglesias, 2003). Adiponectin, like leptin is an adipokine 

with insulin-sensitizing and anti-inflammatory actions that is 

suppressed in obesity in parallel to reduced insulin sensitivity 

(Weyer et al., 2001). This hormone is exclusively secreted from 

adipose tissue into the bloodstream, although is also released from 

the placenta in pregnancy and is abundant in plasma (Chen et al., 

2006). Levels of adiponectin are inversely correlated with body fat 

percentage in adults (Ukkola and Santaniemi, 2002). 

Short-term signals include peptides such as ghrelin that is 

mainly synthesised by endocrine cells in the stomach. Ghrelin levels 

increase before expected meals and rapidly decrease after food 

intake, which suggests a role in meal initiation (Williams and 

Cummings, 2005). Peripheral and intracerebroventricular ghrelin 

injections increase acute food intake, whereas chronic ghrelin 

administration induces obesity (Korbonits et al., 2004). Meal 

termination and satiety factors include CCK, mainly released from 

the gastrointestinal tract, which besides controlling gall bladder 

contraction, pancreatic secretion, and gut motility also inhibits food 

intake. CCK inhibits food intake via brain stem neurons (Chaudhri 
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et al., 2006). Endocrine cells in the distal intestine produces PYY, 

GLP-1, and oxymodulin, which all inhibit feeding (Chaudhri et al., 

2006; Druce and Bloom, 2006). PYY is released into the circulation 

in response to a meal in proportion to the calories ingested and in 

relation to the meal composition (Adrian et al., 1985). Higher 

plasma levels of PYY are seen following isocaloric meals of fat 

compared with meals consisting of protein or carbohydrate. PYY 

has been invoked as contributing to the ‘ideal brake’ effect, acting 

to inhibit further food intake once nutrients have reached the distal 

small intestine (Batterham et al., 2002). The intraperitoneal 

administration of PYY reduced food intake in fasted and non-fasted 

rats freely feeding during the dark phase, when NPY levels in the 

arcuate nucleus are high, without a detectable effect on gastric 

emptying (Chaudhri et al., 2006). Studies in humans have suggested 

that PP may exert an inhibitory effect on gastric emptying, as well 

as delaying the postprandial rise in insulin and reduced food intake 

(Schmidt et al., 2005). The main action of GLP-1 is its potent 

incretin effect enhancing insulin sensitivity, which has attracted 

most attention, both from a physiological and a therapeutic 

viewpoint (Miki et al., 2005). This peptide mediates glucose-

dependent stimulating insulin activity effects in a number of 

species, including human (Chaudhri et al., 2006; Naslund et al., 

1999). It also inhibits gastric acid secretion and gastric emptying, 

suppresses glucagon release and promotes an increase in pancreatic 

β-cell mass (Edvell and Lindstrom, 1999). The acute infusion of 

GLP-1 in humans reduces both appetite and food intake by an 
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average of 12% similarly in both lean and obese men, without 

adverse effects on subject well-being (Verdich et al., 2001). 

It is finally important to underline that food intake and energy 

expenditure are controlled by highly complex, redundant peripheral 

and neural systems involving thousands of genes, which reflects the 

fundamental biological relevance for survival of adequate nutrient 

supply and energy balance (Lenard and Berthoud, 2008). 
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2. Endocannabinoid system 

 

2.1. Cannabinoid receptors 

 

The endocannabinoid system is a neuromodulatory system in 

mammalian physiology that comprises cannabinoid receptors, their 

endogenous ligands endo-cannabinoids as well as their synthesis 

and degradation enzymes. Until the late 1980s, cannabis derivatives 

were thought to exert their psychological effects via the disruption 

of neuronal membranes. However, high affinity binding sites in the 

rat CNS were revealed using a tritium-labelled synthetic 

cannabinoid, CP55,940, suggesting a molecular target for 

cannabinoids (Devane et al., 1988). In the early 1990s, two distinct 

subtypes of cannabinoid receptor were identified by molecular 

cloning (Fig. 2.1): the CB1 cannabinoid receptor (Matsuda et al., 

1990) and the CB2 cannabinoid receptor (Munro et al., 1993). Both 

receptors belong to the seven transmembrane domain receptor 

family with seven α-helices spanning the cell membrane. The 

intracellular loops of the receptor protein are associated to G-

proteins that cause the inhibition of adenylate cyclase activity, 

responsible for the production of cAMP in the cell, among other 

intracellular responses. There are considerable differences in the 

size of the CB1 and the CB2 receptor. 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 40 kDa (Matsuda, 1997). The human 

CB1 receptor shows only a 44% amino acid sequence identity to the 
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CB2 receptor (Munro et al., 1993) (Fig. 2.1). 

 

 
 
Figure 2.1. Schematic representation of the human CB1 and CB2 receptors with 
seven α-helices transmembrane domains. Black circles represent amino acids 
common to the two receptors, and white circles different amino acids 
(Shire et al., 1996).  

 

The identification of the cannabinoid receptors suggested the 

existence of an endogenous ligand and a whole undiscovered new 

neurotransmitter system (Devane et al., 1992). Rapidly, various 

components of the endocannabinoid system including the 

endocannabinoids were identified giving many potential drug 

targets to modulate the activity of the endocannabinoid system. 
 

2.1.1. CB1 receptor 

 

The CB1 receptor is the most abundantly expressed seven 

transmembrane neuronal receptor and its distribution has been well 
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characterized in rodents (Herkenham et al., 1991; Tsou et al., 1998) 

and humans (Westlake et al., 1994). The highest density of CB1 

receptors has been found in the basal ganglia (caudate-putamen, 

globus pallidus, ectopeduncular nucleus, sustancia nigra) and the 

molecular layer of the cerebellum explaining the effects that 

cannabinoids exert on locomotor activity (Compton et al., 1990). 

High densities were also found in the hippocampus and layers I and 

IV of the cortex, indicating that cannabinoids are involved in the 

control of cognition and memory (Herkenham et al., 1991). The 

expression of CB1 receptor was also observed in the limbic system, 

including the amygdala, hypothalamus, and nucleus accumbens 

(Compton et al., 1990; Tsou et al., 1998), what explains the role 

attributed to cannabinoid system in emotional behaviour. In 

addition, CB1 receptors in the nucleus accumbens are associated 

with brain reward, and its expression in the hypothalamus correlate 

with the role of cannabinoids in food intake control (Cota et al., 

2003c; Tsou et al., 1998). The presence of CB1 receptors has been 

detected in the thalamus as well as the dorsal horn and lamina X of 

the spinal cord, important sites in ascending and descending pain 

transmission (Kano et al., 2009; Tsou et al., 1998) (Fig. 2.2). In all 

these areas, CB1 receptors are mainly expressed at the presynaptic 

level in GABAergic and glutamatergic neurons (Rodriguez de 

Fonseca et al., 2005).  

CB1 receptors are also expressed in multiple peripheral 

organs, such as adipocytes (Cota et al., 2003c), liver (Osei-Hyiaman 

et al., 2005), pancreas (Bermudez-Silva et al., 2008), lungs, smooth 

muscle, gastrointestinal tract (Calignano et al., 1997), vascular 
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endothelium (Liu et al., 2000) and other peripheral tissues. An 

important role of peripheral CB1 receptors in the modulation of 

metabolism has been demonstrated. Thus, the activation of 

CB1 receptors in peripheral tissues promotes lipogenesis, lipid 

storage, insulin and glucagon secretion, and adiponectin modulation 

(Bermudez-Silva et al., 2008; Cota et al., 2003b; Osei-Hyiaman et 

al., 2005). 
 

 

Figure 2.2. 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 receptor. 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 (Kano 
et al., 2009). 
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2.1.2. CB2 receptor 

 
The localization of the CB2 receptor differs markedly from 

CB1 receptor. A high expression of CB2 mRNA transcripts has been 

revealed in immune cells and immune tissues, namely the tonsils, 

spleen, and thymus (Galiegue et al., 1995), at comparable levels to 

those of CB1 transcripts in the brain (Galiegue et al., 1995; Ibrahim 

et al., 2003; Munro et al., 1993), indicating a predominant 

peripheral immune localization of CB2 receptors. CB2 receptor 

expression has also been observed in other peripheral tissues with 

different physiological functions such as osteoblasts, osteocytes, 

and osteoclasts where they inhibit the formation of age-related 

trabecula (Ofek et al., 2006). The expression of CB2 receptor was 

also characterized in the liver limiting the progression of liver 

fibrosis (Teixeira-Clerc et al., 2006) and in the pancreas, mainly in 

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

Due to their distinctive expression patterns, CB1 receptor has 

traditionally been referred as the central cannabinoid receptor, while 

CB2 receptor has been referred as the peripheral immune 

cannabinoid receptor. More recently, the idea that CB2 is a strictly 

peripheral cannabinoid receptor has been challenged with many 

studies indicating that CB2 receptor seems to be present in the CNS. 

However the conditions under which CB2 may be centrally 

expressed and the cell types potentially expressing the receptor are a 

hot topic of debate. Thus, the presence of CB2 receptor in microglia 

has been readily reported in a variety of conditions (Cutando et al., 

2013; Maresz et al., 2005), and a few groups have also described the 
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expression of CB2 in neurons, particularly in brainstem neurons 

related to emesis control (Van Sickle et al., 2005). 

Immunohistochemical analyses have also revealed abundant CB2 

immunostaining in apparent neuronal and glial cells in a number of 

brain areas in rat (Gong et al., 2006) (Fig. 2.3.).  
 

 
 
Figure 2.3. Schematic representation of immunoreactivity of CB2 receptor 
immunopositive structures in the rat brain corresponding to rostrocaudal levels 
(with respect to bregma) +2.70 mm (A), +0.20 mm (B), −1.40 mm (C), −3.14 mm 
(D), −5.60 mm (E), −11.30 mm (F). Closed circles indicate immunopositive 
perikarya. X represents immunoreactive fibers and nerve terminals (Gong et al., 
2006). 

 



Introduction 

 32 

Constitutive expression of CB2 has been reported in resting 

perivascular microglia (Ashton et al., 2006; Nunez et al., 2004), and 

a pathological up-regulation has been observed in activated 

microglia in Alzheimer’s disease (Benito et al., 2003), multiple 

sclerosis (Benito et al., 2007), animal models of HIV-1 (Benito et 

al., 2005), ischemic stroke (Ashton et al., 2007), and neuropathic 

pain (Racz et al., 2008).  
 

2.1.3. Non-CB1/non-CB2 receptors 

 

Recent evidence suggests the existence of additional 

cannabinoid-like receptors, distinct from CB1 and CB2 receptors, 

which share some pharmacological similarity with these cloned 

cannabinoid receptors. The first indication that other cannabinoid 

receptors may exist came from studies of the mesenteric vasodilator 

effect of the endocannabinoid anandamide (AEA). Indeed, AEA 

elicited long-lasting vasodilation, whereas synthetic cannabinoids 

acting at both CB1 and CB2 receptors did not have a dilator effect 

(Jarai et al., 1999; Wagner et al., 1999). Although the vasodilator 

response to AEA could be inhibited by the selective CB1 receptor 

antagonist rimonabant, higher concentrations were needed than 

those required to inhibit CB1 receptors (Wagner et al., 2001). 

Therefore, it was proposed that an endothelial site distinct from CB1 

or CB2 receptors was involved in the vasodilator effect of AEA. 

Three of these receptors, the orphan G-protein coupled receptor 

(GPR) GPR18, GPR55 and GPR119, interact with atypical 

cannabinoids and the orphan receptor GPR55 (Sawzdargo et al., 
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1999) has been proposed as a new cannabinoid receptor.  

GPR55 is widely expressed in the CNS and peripheral tissues, 

and despite sharing only 13.5% and 14.4% homology with CB1 and 

CB2, respectively, binds to and is activated by the cannabinoid 

ligand CP-55,940 and some other cannabinoids (Sharir and Abood, 

2010). Although the natural ligand for GPR55 appears to be a 

lysophospholipid, lysophosphatidylinositol (Oka et al., 2007; 

Sylantyev et al., 2013), this receptor has been tentatively termed a 

cannabinoid receptor based on its stimulation by Δ9-tetra-

hydrocannabinol (THC) and synthetic cannabinoids (Lauckner et 

al., 2008). The role of GPR55 has not been thoroughly 

characterized although it may be involved in the pain pathway 

considering its expression in dorsal root ganglia neurons (Lauckner 

et al., 2008).  

Besides GPRs, the transient receptor potential vanilloid type 1 

(TRPV1) channel is a potential cannabinoid-like receptor (Di Marzo 

and De Petrocellis, 2010). In agreement, spinal AEA reduces 

neuropathic pain by acting at both CB1 receptors and TRPV1 

channels (Starowicz et al., 2013). 
 

2.2. Cannabinoid compounds 

 
Cannabinoid compounds are pharmacological agents acting 

on CB1 and CB2 receptors. These compounds can be divided into 

three classes depending on their origin: natural cannabinoids 

derived from the cannabis sativa plant, synthetic cannabinoids, and 

endocannabinoids. 
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Cannabis sativa is a form of hemp originated in Central Asia, 

and was a familiar agricultural crop from the beginning of 

civilization. Hemp is a tall herb with tough fibers used for cords and 

ropes. Hemp plant has been used as far back as the late Neolithic 

era by Chinese as a medicinal herb. Marijuana is the dry shredded 

mixture of flowers, stems, seeds, and leaves of the plant Cannabis 

sativa used as recreational drug. The marijuana plant has numerous 

chemical constituents, but its major psychoactive component is 

THC discovered in 1964 (Gaoni and Mechoulam, 1964). To date, 

more than 70 cannabinoids of the plant Cannabis sativa have been 

described (Elsohly and Slade, 2005). Besides THC, Δ8-

tetrahydrocannabinol and cannabinol are also plant cannabinoids 

with psychotropic properties. On the other hand, cannabidiol 

present in the plant is not psychoactive, but can decrease the 

psychoactive effects of THC (Zuardi et al., 2006), and has 

immunosuppressive, anti-inflammatory (Malfait et al., 2000), 

neuroprotective (Hampson et al., 1998) and antipsychotic activities 

(Zuardi et al., 2006). 

The synthetic cannabinoid receptor agonists are characterized 

by a wide chemical diversity (Fig. 2.4). They are usually classified 

into the following categories: classical cannabinoids, non-classical 

cannabinoids, aminoalkylindoles, and eicosanoids. The classical 

cannabinoid agonists retain the tricyclic diterpene structure of THC 

and include compounds like HU-210, HU-243, nabilone and 

ajulemic acid (Bisogno et al., 2001), which act at both CB1 and CB2 

cannabinoid receptors. In non-classic cannabinoid agonists, one of 

the rings of the tricyclic THC structure is open. This group of 
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compounds includes CP-55,940, CP-47,497, CP-55,244 and the 

selective CB2 agonist HU-308 (Gomez-Ruiz et al., 2007). The 

aminoalkylindoles are less related to phytocannabinoids and include 

compounds like WIN-55,212-2 and the selective CB2 agonists 

JWH-015 and L-768242. Finally, there are a number of synthetic 

eicosanoids mainly derived from AEA structure that improve 

several pharmacokinetic and/or pharmacodynamic characteristics. 

These eicosanoid derivatives are metabolically more stable than 

AEA and provide more selectivity for the different cannabinoid 

receptors (Gomez-Ruiz et al., 2007). Examples of these analogues 

are R-methanandamide (AM356), arachidonoyl-2-chloroethylamide 

(ACEA), arachidonoyl-ciclopropylamide (ACPA), and others 

(Gomez-Ruiz et al., 2007). 
 

 

Figure 2.4. Chemical structure of representative phytocannabinoids, synthetic 
cannabinoids and endocannabinoids (Maldonado et al., 2011). 
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Cannabinoid receptor antagonists were initially synthesized as 

a pharmacological tool for the study of endocannabinoid system. 

Rimonabant was the first CB1 antagonist to be developed (Fig. 2.4) 

and behaves as a CB1 inverse agonist as well as other CB1 

antagonists, including taranabant, SLV-326, LY-320135, and AM-

251. Rimonabant was developed and launched in the clinical market 

to treat cardiometabolic risk factors in obese and overweight 

patients in 2006. Phase III clinical trials showed the drug's 

effectiveness to regulate intra-abdominal fat tissue levels, lipidemic, 

glycemic and inflammatory parameters. However, safety concerns 

led to its withdrawal in 2008 due to central undesirable side effects, 

such as depression and suicidal ideation (Mouslech and Valla, 

2009). Taranabant (MK-0364) is also a CB1 receptor inverse agonist 

that reached Phase-III clinical trials for the treatment of obesity (Lin 

et al., 2008; Martin-Garcia et al., 2010). Examples of neutral 

antagonists are O-2654 and AM-5171. Several selective CB2 

receptor antagonists have also been synthesised, such as AM-630, 

SR-144528 and O-1184 (Gomez-Ruiz et al., 2007). 
 

2.3. Endocannabinoid ligands 

 

In 1992 Devane et al. isolated from porcine brain the lipid 

arachidonoyl ethanolamide, named AEA, which bound to the brain 

cannabinoid receptor with reasonably high affinity and mimicked 

the behavioural actions of THC when injected in rodents (Devane et 

al., 1992). AEA acts as a partial agonist at CB1 receptors and is also 

an endogenous ligand for the TRPV1 and CB2 receptors. Three 
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years later, a second endocannabinoid, 2-arachidonoylglycerol (2-

AG), was discovered (Mechoulam et al., 1995; Sugiura et al., 1995). 

2-AG is the most prevalent endocannabinoid in the brain and acts as 

a full agonist for CB1 and CB2 receptors. Both 2-AG and AEA are 

produced from ubiquitiuos lipids via several biosynthetic pathways 

(Fig. 2.5). Since then, a number of endogenous lipids with 

endocannabinoid-like activity have been reported. Additionally, 

there are other putative endocannabinoids, long-chain 

polyunsaturated fatty acid amides, such as N-

arachidonoyldopamine, as well as non-amide derivatives, including 

esters like O-arachidonoyl-ethanolamine (virodhamine), or ethers 

like 2-arachidonyl glyceryl ether (noladin ether) (De Petrocellis and 

Di Marzo, 2010). However, their physiological relevance has not 

been yet clarified.  

Endocannabinoids are not stored but generated on demand in 

response to a depolarization-induced rise in intracellular calcium or 

activation of specific metabotropic receptors (Witting et al., 2004). 

Therefore, efficient machinery for the synthesis transportation and 

degradation of endocannabinoids is essential.  
 

2.3.1. Synthesis, reuptake and degradation 

 

A two-step biosynthesis pathway of AEA has been suggested. 

This pathway involves the sequential action of a calcium-dependent 

transacylase that transfers a fatty-acyl chain from a membrane 

phospholipid molecule onto the primary amine of membrane, 

phosphatidylethanolamine, to generate N-arachidonoyl phosphati-
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dylethanolamide (NAPE), and a NAPE-selective phospholipase D 

that hydrolyses NAPE to N-acylethanolamines, such as AEA (Fig. 

2.5A) (Cadas et al., 1997). Parallel pathways for the generation of 

AEA from NAPE may exist. Fatty acid amide hydrolase (FAAH) 

has been proposed as AEA putative transporter protein (Glaser et 

al., 2003), but its mechanism is not well known. In contrast, the role 

of FAAH in the degradation of AEA has been extensively 

documented (McKinney and Cravatt, 2005).  
 

 

 
Figure 2.5. Summary of the major pathways involved in the biosynthesis and 
degradation of A: anandamide (A) and 2-AG (B). PE, phosphati-
dylethanolamine; PC, phosphatidylcholine; NAT, N-acyl-transferase; NAPE-
selective phospholipase D, N-acylphosphatidylethanolamine hydrolyzing 
phospholipase D; PA, phosphatidic acid; FAAH, fatty acid amide hydrolase; 
PLC, phospholipase C; AR-PIP, arachidonic acid - containing inositol 
phospholipids; DAG, diacylglycerol; MAG, monoacylglycerol (Lipina et al., 
2012). 

 

Phosphohydrolase	     
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2-AG is generated from diacylglycerol (DAG) by DAG 

selective lipase (Fig. 2.5B). DAG is an intracellular second 

messenger that activates protein kinase C and can be generated from 

phosphoinositides by a phosphoinositide-specific phospholipase C 

or from phosphatidic acid by phosphatidic acid phosphohydrolase 

(Bisogno et al., 2005). Two DAG lipase isozymes, α and β, have 

been cloned (Bisogno et al., 2003). These lipases are localized in the 

postsynaptic membrane of the adult brain in line with their putative 

role in generating 2-AG involved in retrograde transmission. Basal 

levels of 2-AG in the brain are approximately 200 times higher than 

the levels of AEA (Giuffrida et al., 1999). 2-AG is hydrolysed into 

arachidonic acid in vivo by a monoacylglycerol lipase (MAGL) 

(Walter and Stella, 2004) and has been shown to be a substrate for 

FAAH both in vitro (Goparaju et al., 1998) and in vivo (Maione et 

al., 2007). 

Although there is no doubt that both 2-AG and AEA are 

reuptaken from the synaptic cleft following their release, there is no 

convincing evidence that this uptake is mediated by any specific 

transporter protein (Alexander and Cravatt, 2006; Kaczocha et al., 

2006). 
 

2.3.2. Endocannabinoid enzymes inhibitors 

 
The therapeutic potential of endocannabinoids, particularly 

AEA and 2-AG, is clearly established. Nevertheless, their use as 

therapeutic agents would imply that sufficient concentrations must 

be reached at the level of their biological targets. A promising way 
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to promote their therapeutic potential is increasing their half-life 

since both AEA and 2-AG are quickly metabolised in vivo. Several 

potent selective inhibitors of the endocannabinoid metabolizing 

enzymes FAAH and MAGL have been synthesised (Fig. 2.6). The 

carbamate compound URB597 (Fig. 2.6) is a potent and irreversible 

FAAH inhibitor that elevates endocannabinoid tone and prolongs 

the action of AEA by inhibiting its degradation (Fegley et al., 

2005). Unlike direct cannabinoid receptor agonists, URB597 does 

not produce important side effects, such as catalepsy or 

hypothermia (Jhaveri et al., 2006). URB597 enhances AEA levels 

in the brain without interacting in a significant manner with 

cannabinoid receptors (Fegley et al., 2005). The increased AEA 

brain levels produced by URB597 elicit anxiolytic- and 

antidepressant-like effects (Adamczyk et al., 2008). Moreover, the 

anxiolytic-like effects of URB597 are mediated through a CB1-

dependent mechanism (Busquets-Garcia et al., 2011).  
 

 

Figure 2.6. Chemical structure of FAAH and MAGL inhibitors (Vandevoorde, 
2008). 

 

Several inhibitors of MAGL that enhance the levels of 

endogenous 2-AG have been generated. The MAGL inhibitor 

URB602 (Fig. 2.6) has been revealed to produce important 
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antinociceptive effects in vivo providing evidence for the 

involvement of 2-AG in pain suppression (Comelli et al., 2007). 

Another MAGL inhibitor, JZL184, produces anxiolytic-like 

responses by enhancing 2-AG levels that depend on CB2 receptors 

and does not impair memory consolidation in mice (Busquets-

Garcia et al., 2011). One advantage of these inhibitors over the 

direct administration of cannabinoid agonists is the high selectivity 

since the intervention increases the activity of the endocannabinoid 

system locally only at sites where endocannabinoids are produced 

(Vandevoorde, 2008).  

Another alternative to enhance endocannabinoid tone is the 

inhibition of the uptake mechanisms. Thus, the AEA uptake 

inhibitor AM404 has been used for reducing nociception (La Rana 

et al., 2008), ethanol consumption (Cippitelli et al., 2007) and 

anxiety (Bortolato et al., 2006) in different animal models. 
 

2.4. Cannabinoid receptor signalling 

 

The principal mechanism by which endocannabinoids 

regulate synaptic function is through retrograde signalling (Kano 

et al., 2009). Thus, postsynaptic activity leads to the production of 

endocannabinoids that move backward across the synapse, bind 

presynaptic cannabinoid receptors, and suppress neurotransmitter 

release (Fig. 2.7A).  

However, there is also evidence suggesting that 

endocannabinoids can signal in a non-retrograde or autocrine 

manner, in which they modulate neural function and synaptic 
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transmission by engaging TRPV1 and CB1 receptors located within 

the postsynaptic cell (De Petrocel l is  and Di Marzo,  2010) 

(Fig. 2.7B). Finally, recent studies indicate that endocannabinoids 

can signal via astrocytes to indirectly modulate presynaptic or 

postsynaptic function (Hegyi et al., 2012; Stella, 2010) (Fig. 2.7C). 
 

 

Figure 2.7. Endocannabinoid signalling at the synapse (A) Retrograde 
endocannabinoid (eCB) signalling. eCBs are mobilized from postsynaptic 
neurons and target presynaptic CB1 receptors (CB1R) to  suppress 
neurotransmitter release. (B) Nonretrograde eCB signalling. eCBs produced in 
postsynaptic neurons activate postsynaptic CB1 receptors or TRPV1 channels. 
(C) Neuron-astrocyte eCB signalling. eCBs released from postsynaptic neurons 
stimulate astrocytic CB1 receptors, thereby triggering gliotransmission. Glu, 
glutamate (Castillo et al., 2012).  
 

Stimulation of CB1 and CB2 receptors activates a great variety 

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

When the cannabinoid receptor is activated, G protein β and γ 

subunits are released and the Giα subunit inhibits the enzyme 

adenylate cyclase (Howlett, 2005). This inactivation of adenylate 

cyclase leads to a decrease of cAMP production from ATP, and the 

subsequent protein kinase A (PKA) activity is inhibited (Bonhaus et 

al., 1998) (Fig. 2.8). The consequent reduction of phosphorylation 
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of different substrates by PKA promotes several intracellular 

responses, such as modification in the activity of ion channels and 

focal adhesion kinase, an important factor for integrating 

cytoskeletal changes with signal transduction events.  
 

 

Figure 2.8. Signalling pathways downstream of cannabinoid receptor activation. 

The schema shows the main pathways activated by CB1 and CB2 receptors. A red 

solid arrow shows CB1 receptor-induced activation of potassium channel (Kir) 

current that decreases excitability, resulting in inhibition of voltage gated calcium 

channels (VGCC) and inhibition of Ca2+ influx, as shown by the solid blue line. 

The lighter pink lines demonstrate that under certain circumstances CB1Rs may 

stimulate AC via Gs and the increased cyclic AMP can activate PKA, which may 

phosphorylate VGCCs to allow Ca2+ influx (pink lines) (Li et al., 2011).  

 

On the other hand, free G protein βγ dimmer activates G 

protein-gated inwardly rectifying K+ channels, and inhibits voltage-

gated Ca2+ channels, regulating synaptic transmission. Cannabinoid 
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receptor-mediated Gi/o release of βγ subunits also leads to activation 

of phosphatidylinositol-3-kinase (PI3K), resulting in tyrosine 

phosphorylation and activation of Raf-1, and subsequent mitogen-

activated protein kinases (MAPK) phosphorylation, including 

extracellular signal-regulated kinase 1 and 2 (ERK1/2), p38 and c-

Jun N-terminal kinase (Howlett, 2005). Stimulated MAPK activity 

is associated with phosphorylation of cytoplasmic phospholipase 

A2, and subsequent synthesis of prostaglandin E2 that participates in 

a wide range of body functions, such as contraction and relaxation 

of smooth muscle, dilation and constriction of blood vessels, control 

of blood pressure, and inflammation inhibition. The activation of 

PI3K by cannabinoid agonists leads to the stimulation of protein 

kinase B/Akt. Protein kinase B phosphorylation inhibits glycogen 

synthase kinase-3 and increases glycolysis. 

Another intracellular signalling systems involved in the 

pharmacological responses produced by cannabinoids is the 

mammalian target of rapamycin (mTOR) signalling cascade. This 

kinase activity is modulated in response to a wide variety of stimuli, 

such as trophic factors, hormones (e.g., insulin), mitogens, amino 

acids, cell energy status, and cellular stress mTOR serves as a key 

player in the integration of all these inputs, balancing between the 

anabolic and the catabolic states in the cell, and finally leading to 

numerous cellular processes, such as transcription, translation, and 

autophagy (Reiling and Sabatini, 2006). Recently, an overactivation 

of the mTOR signalling cascade by over-feeding has gained interest 

as a new therapeutic approach for metabolic disorders, such as 

diabetes type II (Zoncu et al., 2011). In addition, the MAPK 
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ERK1/2 can also activate mTOR under certain conditions (Ma et 

al., 2005). The participation of the ERK signalling pathway in 

mTOR signalling activation is remarkably important in the 

hippocampus (Puighermanal et al., 2009). 

Cannabinoid receptors also activate G protein-independent 

signalling pathways. Indeed, the adaptor protein Fan (factor 

associated with neutral sphingomyelinase) is coupled to CB1 

receptor stimulation and to sphingomyelinase activation. 

Consequently, CB1 receptor stimulation produces a release of 

ceramide and subsequent activation of Raf-1/MAPK cascade 

(Howlett and Mukhopadhyay, 2000). Thus, ceramide activates 

carnitine palmitoyltransferase to stimulate ketogenesis and fatty 

acid oxidation and the subsequent MAPK activation can promote 

the expression of immediate early genes, as Krox-24, c-fos or c-jun. 

Finally, studies have revealed that CB1 receptor could be linked to a 

signal transduction pathway leading to the regulation of nitric oxide 

synthase (Howlett et al., 2002).  
 

2.5. The endocannabinoid system in food intake and energy 
balance  

 

The ubiquitous presence of the endocannabinoid system in the 

CNS and the peripheral tissues correlates its role as a modulator of 

multiple physiological processes. Indeed, the endocannabinoid 

system is involved in a variety of physiological responses including 

appetite, energy balance, pain-sensation, stress response, memory, 

sleep, immune functions and others (Grotenhermen, 2005). Our 
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work has been focused on the involvement of the endocannabinoid 

system in the control of food intake and this particular aspect of the 

physiological role of the endocannabinoid system will be described 

in this chapter. 

Multiple studies have demonstrated the specific role of the 

endocannabinoid system in the modulation of eating behaviour and 

reward processing (Cota et al., 2003b; Cota et al., 2003c). Based on 

the orexigenic effects of marijuana, the CB1 receptor and its 

endogenous ligands have emerged as important players in metabolic 

and hedonic aspects of feeding. Genetic or chronic pharmacological 

impairment of the endogenous cannabinoid system results in a 

short-term hypophagia and long lasting reduction in body weight. 

Thus, rodents chronically treated with the selective CB1 antagonist, 

rimonabant or lacking the CB1 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., 2003a; Martin-Garcia et al., 2010; Ravinet Trillou et al., 

2004; Ward and Dykstra, 2005). CB1 receptor modulates the effects 

of cannabinoids on food intake and metabolism (Pagotto et al., 

2006) both at the CNS and in the peripheral tissues (Di Marzo, 

2008; Heyman et al., 2012; Pagotto et al., 2006) (Fig. 2.9). 

In the brain, the endocannabinoids AEA and 2-AG modulate 

feeding behaviour at two main different levels. First, they are 

released ‘‘on demand’’ in the hypothalamus after short-term food 

deprivation and transiently regulate the activity of other orexigenic 

and anorectic mediators (Cota et al., 2003b). Second, they tonically 

reinforce the motivation to find and consume food with a high 
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incentive value by interacting with the mesolimbic dopaminergic 

pathway. CB1 receptors are particularly abundant in brain areas 

related to reward mechanisms and endocannabinoid levels 

progressively increase in the limbic system following food 

deprivation (Kirkham et al., 2002). The fasting-induced increase of 

endocannabinoids may drive the motivation to eat (‘‘wanting’’) as 

well as the enjoyment of food during ingestion (‘‘liking’’). 

Cannabinoid-induced food seeking and liking are mediated by the 

release of DA in the nucleus accumbens (Solinas et al., 2006) and 

can be attenuated by opioid antagonists (Williams and Kirkham, 

2002), suggesting the existence of functional relationships among 

DA, endocannabinoids and endogenous opioids in the reward-

related aspects of eating behaviour (Monteleone and Maj, 2013).  
 

 

Figure 2.9. Role of the endocannabinoid system in energy balance (Matias et al., 
2008).  
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CB1 receptor activation in the hypothalamus enhances 

appetite by regulating the responses of several orexigenic and 

anorectic mediators (Di Marzo and Matias, 2005; Kirkham et al., 

2002; Osei-Hyiaman et al., 2005). Thus, CB1 receptors regulate the 

release of several orexigenic agents, such as AgRP, orexins and 

melanocyte-concentrating hormone or anorexic neuropeptides such 

as those produced from POMC and CART (Matias et al., 2008). On 

the other hand, it was suggested that the orexigenic effects of 

endocannabinoids could be in part mediated by NPY since 

stimulation or blockade of hypothalamic CB1 receptors increases or 

decreases respectively the levels of this peptide (Verty et al., 2013). 

In addition, hypothalamic endocannabinoid levels are decreased 

after systemic leptin administration in rats, and increased in rodent 

models where leptin signalling or its biosynthesis is defective (Di 

Marzo et al., 2001). Leptin, secreted by adipocytes into the 

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

central control of energy expenditure. Therefore, it appears that the 

endocannabinoid system participates in the general orexigenic 

hypothalamic network regulated by leptin that increases feeding 

behaviour (Matias et al., 2008).  

Increased CB1 receptor gene expression has been found in the 

nucleus of the solitary tract, a hindbrain neural structure critical to 

the integration and control of food intake in animals with 

continuous access to highly palatable sweetened fat diet (Bello et 

al., 2012). Moreover, other studies have demonstrated that the 

cannabinoid agonist CP 55,940 suppresses the neuronal activation 

of CCK in this nucleus of the solitary tract and the area postrema 
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(Gaddam, 2008). Recent results show a significant topographic co-

localization between CB1 receptor and dopamine beta hydroxylase 

immunoreactivities in both the nucleus of the solitary tract the 

nucleus accumbens (Carvalho et al., 2010). These results suggest 

that cannabinoids may modulate noradrenergic signalling in the 

nucleus accumbens, directly by acting on noradrenergic neurons in 

the nucleus of the solitary tract or indirectly by modulating 

inhibitory and excitatory input in the nucleus accumbens (Carvalho 

et al., 2010). 

At the peripheral level, the activation of the endocannabinoid 

system reduces energy expenditure acting in the adipose tissue, 

liver, skeletal muscle, gastrointestinal tract and pancreas (Matias et 

al., 2008). Activation of CB1 receptors in the adipose tissue 

stimulates fat deposition by facilitating adipocyte differentiation 

and increasing expression of adipogenic enzymes and activity of the 

lipoprotein lipase (Cota et al., 2003c; Matias et al., 2008; Matias et 

al., 2006; Muccioli et al., 2010). Interestingly, recent findings 

suggest that the endocannabinoid system may also participate in the 

control of the transdifferentiation of the adipose tissue since in vitro 

blockade of CB1 directly promotes transdifferentiation of white 

adipocytes into mitochondria-rich, thermogenic brown fat 

phenotype (Perwitz et al., 2010). Accordingly, pharmacologic or 

genetic CB1 blockade increases mitochondrial biogenesis in white 

adipocytes via an endothelial nitric oxide synthase mechanism 

(Tedesco et al., 2008). These phenomena might in turn participate in 

the increase in energy expenditure, fatty acid oxidation and 
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thermogenesis observed with the administration of CB1 antagonists 

in vivo (Verty et al., 2009).  

The activation of CB1 receptor in hepatocytes induces the 

expression of lipogenic enzymes, such as acetyl coenzyme-A 

carboxylase-1 and fatty acid synthase, which in turn increase de 

novo fatty acid synthesis and favour the development of liver 

steatosis, particularly during exposure to high-fat diets (Osei-

Hyiaman et al., 2008). The role of CB1 within the hepatocyte seems 

particularly important in the context of the regulation of lipid 

metabolism since mice lacking CB1 receptor in hepatocytes are 

susceptible to diet-induced obesity, that they are protected against 

liver steatosis, hyperglycemia, dyslipidemia and insulin resistance 

(Osei-Hyiaman et al., 2008).  

Several studies have demonstrated the presence of both CB1 

and CB2 receptors in rodent and human islets of Langerhans in the 

endocrine pancreas, with a species-dependent degree of expression 

(Li et al., 2011). In pancreatic islets, CB1 receptors seem to be 

strictly localised in mouse α-cells and mainly in rat α-cells, with 

some expression also detectable in small selective populations of rat 

β-cells, while CB2 receptors are proposed to be present in both α- 

and β-cells in mouse and rat (Starowicz et al., 2008; Vilches-Flores 

et al., 2010). In human islets, quantitative RT-PCR, western blotting 

and immunohistochemistry studies showed that while the mRNAs 

and proteins of both cannabinoid receptors were detected in the 

whole islet, cDNA and protein extracts of CB1 receptors were 

mainly localised to α-cells with certain populations of β-cells also 

expressing this receptor at a low level (Bermudez-Silva et al., 
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2008). On the other hand, the CB2 receptor, whose mRNA level was 

about 100 times lower than that of the CB1 receptor, was strictly 

expressed in the human pancreas by islet δ-cells and abundantly by 

the pancreatic exocrine tissue (Bermudez-Silva et al., 2008). 

Cannabinoid receptors modulate insulin secretion by regulating 

glucose-induced calcium transients (Bermudez-Silva et al., 2008; Li 

et al., 2011). Howver, measurements of downstream signalling upon 

cannabinoid receptor activation with endogenous or 

pharmacological cannabinoids have led to conflicting results (Li et 

al., 2011). The role of CB2 receptors in the regulation of energy 

balance has received far less attention than CB1 and the current 

literature suggests that CB2 may also play a role in obesity and 

energy balance (Agudo et al., 2010). CB2 receptors seem to mediate 

pro-inflammatory actions in obesity. Indeed, an up-regulation of 

CB2 gene expression and inflammatory markers has been reported 

in adipose tissue of obese mice, which correlates with the increased 

body weight (Deveaux et al., 2009). The activation of CB2 in diet-

induced obese mice produced insulin resistance and further 

increased the expression of inflammatory markers in adipose tissue, 

but not in the liver. In CB2 receptor deficient mice fed with a high 

fat diet, adipose tissue, hepatic inflammation and insulin resistance 

were reduced compared to diet-induced obese wild-type mice 

(Agudo et al., 2010; Deveaux et al., 2009). 

Much less defined is the role of the endocannabinoid system 

in the skeletal muscle. Pharmacological blockade of CB1 improves 

both basal and insulin-stimulated glucose transport activity in 

isolated soleus muscle, while CB1 activation has the opposite effect 
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(Lindborg et al., 2010). Studies of muscle cell cultures have 

revealed that CB1 receptor can affect the responsiveness of skeletal 

muscle toward insulin through the modulation of the PI3-

kinase/PKB and the Raf-MEK1/2-ERK1/2 signalling pathways 

(Lipina et al., 2010).  

Finally, the endocannabinoid system also regulates 

gastrointestinal motility and secretion (Storr and Sharkey, 2007). 

Moreover, recent evidence suggests that endocannabinoid signalling 

might link gut microbiota to the regulation of adipogenesis 

(Muccioli et al., 2010). Therefore, the knowledge of the role the 

endocannabinoid system in relevant metabolic peripheral tissues has 

greatly advanced during the past few years. However, the relative 

contribution of CNS versus peripheral endocannabinoid system in 

the modulation of energy balance is still a matter of debate.  



Introduction 

 53 

3. Eating disorders 
 

According to the Diagnostic and Statistical Manual of Mental 

Disorders-IV (DSM-IV) (American Psychiatric Association, 2000), 

eating disorders are characterised by severe disturbances in eating 

behaviour. These disturbances comprise over or under eating 

behaviour with extreme clinical manifestations, such as self-induced 

vomiting directed to control body weight. Eating disorders can lead 

to significant health problems with psychosocial and physical 

consequences. Eating disorders are significant illnesses for sufferers 

(Steinhausen, 2002, 2009) and their families (Perkins et al., 2005; 

Treasure and Schmidt, 2005; Whitney et al., 2007) with poor 

recovery rates and there are several long-term serious side effects, 

such as osteoporosis (Fichter et al., 2006; Wagner et al., 2006). 

Eating disorders are difficult to treat with many remissions and 

recurrences and a potential for the eating disorder to become severe 

is present in those that do not recover (Berkman et al., 2007; 

Shapiro et al., 2007). The treatment of individuals with eating 

disorders can be challenging, as clinical trials not always address 

the multidisciplinary therapeutic approaches (Berkman et al., 2007; 

Shapiro et al., 2007). Thus, additional studies combining both, 

medications and behavioural interventions are urgently necessary. A 

multidisciplinary treatment approach should be commonly 

prescribed for eating disorders, involving psychologists, 

psychiatrists, dieticians and general practitioners (Andersen, 1999; 

Fairburn et al., 2003; Fairburn and Harrison, 2003).  

Researchers have proposed that increased reward and 



Introduction 

 54 

punishment sensitivity is a vulnerability factor for the development 

of eating disorders in agreement with neuroimaging studies that 

suggest altered function of reward circuitry in those patients 

(Harrison et al., 2010). Animal studies also suggest that the brain 

reward system can become dysregulated by starvation and 

intermittent access to high palatable food, some of the key 

symptoms in eating disorders (Avena et al., 2008). Food reward, not 

hunger, has become the main driving force for eating in the modern 

society. The seeking for pleasure derived from consumption of 

rewarding foods that usually combine palatability and high energy 

density, promotes overeating and body weight gain (Alsio et al., 

2012). Weight control programs that aim to reduce the intake of 

palatable food suffer from poor long-term effect because of relapse 

to overeating driven by craving for palatable food. Importantly, the 

craving for palatable food has many similarities with drug craving 

and obese as well as lean individuals often develop addictive-like 

overeating behaviour (Alsio et al., 2012) (Fig. 3.1).  
 

 
 

Figure 3.1. Overeating modeled as an addiction-like motivational progression 
from palatability-driven feeding to food craving and compulsive (Alsio et al., 
2012). 
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Palatability is undeniably a profound factor driving our desire 

to eat and one of the main causes underlying the current obesity 

epidemic. Importantly, obese and lean subjects differ in brain 

activity during consumption and anticipation of palatable food 

(Rothemund et al., 2007; Stice et al., 2008b; Stice et al., 2009). 

Thus, brain imaging studies suggest that obese relative to lean 

individuals show greater activation of the gustatory cortex 

(insula/frontal operculum) and oral somatosensory regions (parietal 

operculum and Rolandic operculum) in response to anticipated 

intake and consumption of palatable foods (Stice et al., 2008b). 

Furthermore, they show less activation in the dorsal striatum in 

response to consumption of palatable foods and reduced striatal D2 

dopamine receptor density (Stice et al., 2008b; Stice et al., 2009). A 

chronic exposure to feeding reward can provoke significant 

behavioural changes in rodents, such as reinstatement after a long 

extinction period (Martin-Garcia et al., 2011) as well as alterations 

in the feeding-related neural circuitry by changing synaptic 

plasticity (Guegan et al., 2013). The access to palatable food 

promotes a positive feedback manifested by elevated preference for 

palatable food increasing a likelihood of overconsumption (Martin-

Garcia et al., 2010). These behavioural changes promote alterations 

in neuro-peptidergic signalling within the hypothalamus and 

adaptations in the dopaminergic and opioid systems (Alsio et al., 

2012) (Fig. 3.2). 
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Figure 3.2. Signalling molecules implicated in food reward, hunger and satiety 
contribute to the positive feedback loop that drives eating behaviour from a 
pleasurable experience to craving and compulsivity. á denotes higher levels or 
activity, â denotes reduced activity, áâ denotes that both up- regulated and 
down-regulated activities have been reported (Alsio et al., 2012). 
 

A large body of evidence suggests that opioids affect 

palatability (reward)-rather than hunger (energy deficit)-driven food 

intake. Thus, the opioid antagonist naloxone reduces feeding in 

food-restricted rats mainly when palatable food is provided 

(Weldon et al., 1996) and another opioid antagonist, naltrexone, 

lowers the preference for sweetened solutions in human volunteers 

(Fantino et al., 1986). The non-contingent exposure of palatable 

food already decreased prodynorphin and proenkephalin mRNA 

expression in mice mainly in the dorsal striatum and nucleus 

accumbens (Martin-Garcia et al., 2011). Moreover, chronic 

exposure to palatable food has been suggested to release 
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endogenous opioids promoting an up-regulation of µ-opioid 

receptor binding (Vigano et al., 2003) and down-regulation of 

striatal enkephalin (Turchan et al., 1997), similarly to those changes 

observed after opiate infusions.  

Natural rewarding behaviours like feeding activate the 

mesolimbic DA pathways enhancing DA levels (Hernandez and 

Hoebel, 1988). DA in the nucleus accumbens and the dorsal 

striatum is known to increase with exposure to food-associated 

stimuli and motor activity related to the attainment of food 

(Bradberry et al., 1991; Salamone et al., 1991). In agreement, 

reduced striatal D2 receptor levels have been observed in obese 

humans (Volkow et al., 2009) and DA levels in the striatum were 

reduced after long-term access to a cafeteria diet in rats (Geiger et 

al., 2009). Notably, knock-down of D2 receptors in the rat dorsal 

striatum had no effect on food intake in the home cage or on 

weight-gain over time, but significantly affected compulsive intake 

of palatable food (Johnson and Kenny, 2010). 

Alterations of other neurotransmitters, such as 

endocannabinoids are also observed in brain reward areas after 

extended access to palatable food. After free access to palatable 

food for 10 weeks, CB1 receptor binding decreased in the nucleus 

accumbens, hippocampus, and entopeduncular nucleus and this 

response was inversely correlated to the amount of palatable food 

consumed and to the weight gain in rats (Harrold et al., 2002). In 

mice, diet-induced obesity was associated with elevated 

hippocampal levels of endocannabinoids and enhanced CB1 

receptor binding (Massa et al., 2010). CB1 receptor binding was 
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elevated in the midbrain of mice, both in the ventral tegmental area 

and in the substantia nigra after 20 weeks of high-fat diet exposure 

(South and Huang, 2008), while a shorter exposure (3 weeks) 

decreased CB1 binding in the hypothalamus (South and Huang, 

2008).  
 

3.1. Anorexia nervosa 

 

Anorexia nervosa is thought to be an eating disorder of 

complex etiology, in which the interactions among genetic, 

biological, psychological and sociocultural factors seem to 

contribute (Connan et al., 2003; Jacobi et al., 2004; Lilenfeld et al., 

2006; Stice, 2002). Because no single factor has been shown to be 

either necessary or sufficient for causing anorexia nervosa, a 

multifactorial model might be most appropriate (Connan et al., 

2003). 

The main criterion that is provided by the DSM-IV for 

anorexia nervosa is the refusal to maintain a body weight at or 

above a minimal normal weight for age of height leading to the 

maintenance of a body weight less than 85% of what is normal. 

Patients with anorexia nervosa usually have an intense fear of 

gaining weight or becoming fat even when they are underweight 

and have a disturbance in the experience of their body shape and 

weight. This behaviour influences their self-evaluation and/or 

brings them in denial of the seriousness of their current low body 

weight (American Psychiatric Association, 2000). The disease 

manifestates itself in two distinct forms, a restricted type or a binge 
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eating/purging type (Pinhas et al., 2011). In the recently published 

DSM-5, the requirement for amenorrhea that was stated in the 

previous DSM-IV, has been eliminated. Moreover, DSM-5 includes 

not only overtly expressed fear of weight gain, but also persistent 

behaviour that interferes with weight gain (American Psychiatric 

Association, 2013).  

An association between major depression and anorexia 

nervosa has been widely reported in clinical studies. Thus, lifetime 

major depression was reported in 50% of all the women with 

anorexia nervosa (Wade et al., 2000). Depression can negatively 

affect self-esteem in patients, which can increase the severity and 

chronicity of the illness. Additionally patients with anorexia 

nervosa show co-morbidities with intellectual disability and 

dissociative disorders (Mammen et al., 2007), and demonstrate 

elevated levels of suicide making anorexia nervosa a very deadly 

mental illness (Wade et al., 2000).  
 

3.2. Animal models to study anorexia nervosa 

 

Rodent models of anorexia nervosa fully validated are not still 

available and this is a reason why distinct characteristics and 

mechanisms of anorexia nervosa are investigated in different setting 

of mice, sometimes with particular genetic characteristics. Self-

motivated heavy caloric restriction is characteristic of anorexia 

nervosa. Many animal models fail in this aspect since food intake 

should not be controlled by experimenters in these models. In a self-

starvation/activity-based anorexia model, an environment is created 
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allowing animals to choose between food intake and another 

rewarding condition, such as brain stimulation or exercise 

(Hillebrand et al., 2005; Kim, 2012). Self-starvation/activity-based 

anorexia is an animal model that recapitulates a subset of key 

characteristics of anorexia nervosa, especially hyperactivity and 

reduced food intake (Hillebrand et al., 2005).  

Patients with anorexia nervosa exhibit reduced leptin levels in 

plasma and cerebrospinal fluid (Holtkamp et al., 2006). Considering 

the reduced body weight in anorexia nervosa, it is not surprising to 

observe a significant reduction in leptin levels since leptin is an 

adipose-derived hormone (Leibowitz and Wortley, 2004; Wynne et 

al., 2005). Hyperactivity was suppressed upon leptin administration 

to rodents with activity-based anorexia (Hillebrand et al., 2005). 

Individuals with anorexia nervosa tend to exhibit high activity 

levels, as well as mental alertness, during their weight loss from 

food restriction (Casper et al., 1991; Klein et al., 2007). This in turn 

drives them to engage in excessive exercise, creating a detrimental 

positive feedback/reward cycle (Klein et al., 2007). Self-

starvation/activity-based anorexia is also known as semi starvation-

induced hyperactivity or activity anorexia, though the mechanism 

underlying hyperactivity in anorexia nervosa is still unclear. This 

model reproduces the following main hyperactivity behavioural 

characteristics of anorexia nervosa: reduced food intake in the 

presence of hunger, weight loss and desire for activity along with 

physiological responses of malnutrition (Kim, 2012). In contrast to 

rodents with activity-based anorexia, control ad libitum fed rats 

with continuous access to running wheels show stable levels of 
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running wheel activity, as well as an increase in food intake to 

compensate for increased energy expenditure (Kas et al., 2003).  

Stress-mediated changes in hypothalamus–pituitary–adrenal 

axis can affect food intake and hormonal imbalances in the 

hypothalamus–pituitary–adrenal axis via a life stressor are 

frequently involved with some forms of eating disorders (Jahng, 

2011). The stress-mediated eating behaviour is one of the most 

widely used models of anorexia nervosa because it does not require 

the manipulation of food availability (Kim, 2012). It is well known 

that stress leads to weight loss and contributes to a loss of appetite. 

However, caution must be taken into consideration when utilizing 

such stress models (cold swimming, tail pinching and direct brain 

stimulation) to study anorexia nervosa since excessive manipulation 

can physically harm the animals (Kim, 2012; Shimizu et al., 1989). 

In recent years, severe and mild forms of stressors have been 

introduced to induce weight loss in animal models, such as physical 

isolation and novelty environment (Saegusa et al., 2011). Increased 

5-HT levels in the hypothalamus seem to mediate stress-mediated 

loss of appetite since a 5-HT2C receptor antagonist, RS102221, 

prevents weight loss under these conditions (Conductier et al., 

2005). However, it is unlikely that stress-mediated imbalance of 5-

HT itself could directly cause anorexia nervosa, even though it can 

trigger weight loss. Indeed, individuals with anorexia nervosa 

appear to have reduced 5-HT levels (Kim, 2012).  

Many of changes in the neuro/endocrine systems observed in 

anorexia nervosa can be mimicked by diet restriction alone in 

rodents, although this does not represent a valid animal model of the 
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disease. Thus, rats exhibited reduced cognitive function under a 

chronic food restriction model (Yokogoshi and Nomura, 1991).  

Lastly, few anorexia or hypophagia genetic models are 

available, though there is no direct evidence to correlate those 

genetic alternations to human anorexia nervosa. In these genetic 

models, specific genes that may lay on the potential pathways 

contributing to the etiology of anorexia nervosa can be directly 

examined (Kim, 2012). The most commonly studied genetic model 

of anorexia nervosa is anx/anx mice. The autosomal recessive anx 

mutation dramatically decreases food intake behaviour in mice 

causing death within 20–30 days after birth (Johansen et al., 2003). 

These mutant mice show reduced body weight, body tremors, head 

weaving, hyperactivity, and uncoordinated gait. They have reduced 

serum leptin levels and show abnormalities in the orexigenic (NPY 

and AgRP) and anorexigenic (POMC and CART) pathways 

(Broberger et al., 1999; Johansen et al., 2000). A recent study 

revealed that anx/anx mice displayed hypothalamic degeneration 

accompanied by inflammatory responses leading to a failure in the 

regulation of food intake (Nilsson et al., 2011). This raises a 

concern about this model of the disease since anorexia nervosa 

patients typically feel hunger and yet refuse to consume food unlike 

the anx/anx mouse model. Other potential genes have also been 

proposed to participate in anorexia nervosa, such as brain-derived 

neurotrophic factor (Ribases et al., 2003) and several 

neurotransmitters, in particular DA and 5-HT (Frank et al., 2005). A 

recent genome-wide association study confirmed that delta opioid 

receptor is also a risk gene (Brown et al., 2007), and a disturbance 
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in delta opioid receptors can lead to an auto-addiction to fasting and 

exercise (Rask-Andersen et al., 2010). All these findings support a 

strong genetic correlation in susceptibility to anorexia nervosa in 

spite of the limited proof of a specific genetic component. 

Compared with other psychiatric disorders, anorexia nervosa is 

more likely to be associated with the relevance of sociocultural 

differences, which complicates traditional genetic studies. 

Nevertheless, the identification of these possible susceptibility 

genes by genome-wide association study will help researchers 

design appropriate animal models (Kim, 2012). 
 

3.3. Bulimia nervosa 

 

Bulimia nervosa was first recognised as an eating disorder in 

1979 by Russell, who described 30 cases demonstrating the 

following three characteristics (Russell, 1979): (1) an irresistible 

urge to overeat, (2) subsequent self-induced vomiting or purging, 

(3) a morbid fear of becoming fat. However, bulimic behaviours 

were already practiced in the ancient Roman Empire, and 

syndromes of binging and vomiting were also described in the 18th 

and 19th centuries (Halmi, 2003). The existence of bulimia nervosa 

as an eating disorder prior to its description by Russell is supported 

in the preceding decades by clinicians from different countries that 

independently proposed various descriptions for a bulimic eating 

disorder syndrome.  

To prevent weight gain, bulimic individuals use different 

compensatory methods, such as vomiting, excessive exercise, or 
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abuse of laxatives and diuretics. Their body weight is typically 

normal, even though patients may perceive themselves as 

overweight. The DSM-IV explicitly requires for a diagnosis of 

bulimia nervosa a subjective sense of loss of control over eating to 

define a binge-eating episode (American Psychiatric Association, 

2000). The proposed criteria for bulimia nervosa have changed 

very little in DSM-5 from those reported in DSM-IV. 

Importantly, both the DSM-III-R and DSM-IV required a twice-

weekly frequency, and most studies of bulimia nervosa have 

utilized these DSM-based criteria. Only one change appeared in the 

DSM-5 with regards to the DSM-IV criteria for bulimia nervosa 

consisting in a reduction in the required minimum average 

frequency of binge eating and inappropriate compensatory 

behaviour frequency from twice to once weekly (American 

Psychiatric Association, 2013). 
 

 3.4. Binge eating disorder 

 

Binge eating disorder is characterized by recurrent episodes of 

consumption of large quantities of food accompanied with a sense 

of loss of control over eating as described by DSM-IV (American 

Psychiatric Association, 2000). Two eating disorders, bulimia 

nervosa and binge eating disorder require binge eating as core 

defining features. Individuals typically prefer high fat, sweet, and 

salty foods during binge eating episodes (Allison and Timmerman, 

2007). DSM-IV criteria specify that individuals must experience at 

least three of the following impaired control behavioural indicators 
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for the diagnosis of binge eating disorder: (1) eating rapidly, (2) 

eating until uncomfortably full, (3) eating large amounts of food 

when not hungry, (4) eating alone due to embarrassment, (5) feeling 

depressed, disgusted, or guilty after overeating. In addition, 

individuals must experience significant distress, and abstain from 

compensatory behaviours (e.g., self-induced vomiting, laxative use, 

excessive exercise) after bingeing (American Psychiatric 

Association, 2000). By contrast, binge eating must be associated 

with other indicators of loss of control and distress for binge eating 

disorder, but not with the inappropriate compensatory weight loss 

behaviours of bulimia nervosa (Treasure et al., 2010; Wonderlich et 

al., 2009). Binge eating disorder, like bulimia nervosa, is also 

associated with excessive weight and shape concerns. In the new 

DSM-5 the only significant difference from the previous DSM-IV 

criteria is that the minimum average frequency of binge eating 

required for diagnosis has been changed from at least twice weekly 

for 6 months to at least once weekly over the last 3 months, 

identical to the DSM-5 frequency criterion for bulimia nervosa 

(American Psychiatric Association, 2013). Binge eating also occurs 

in anorexia nervosa, but is not required for its diagnosis (Swanson 

et al., 2011).  

Clinical studies have found that binge eating disorder is 

significantly associated with being overweight and being obese 

(Bruce and Wilfley, 1996; Spitzer et al., 1993). However, binge 

eating disorder can also occur in individuals without medical 

criteria for obesity (BMI ≥ 30, see page 71). Individuals with binge 

eating disorder consume more calories at both binge meals and non-
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binge meals than weight-matched controls without this disorder 

(Devlin et al., 2005). In addition, individuals with binge eating 

disorder display more chaotic eating habits, exhibit higher levels of 

eating disturbances (i.e., eating in response to emotional distress), 

and suffer higher levels of eating disorder psychopathology (Devlin 

et al., 2005; Marcus et al., 1988; Spitzer et al., 1993). Although the 

majority of obese individuals may not meet DSM-IV criteria for 

binge eating disorder, a significant proportion report binge eating 

problems (Spitzer et al., 1993). Other epidemiological studies have 

also found that binge eating disorder is more prevalent among obese 

individuals (Striegel-Moore and Franko, 2003). In addition, from 19 

to 30% of individuals seeking weight loss treatment, met DSM-IV 

binge eating disorder criteria (Brody et al., 1994).  

Overall, initial epidemiological studies indicate that binge 

eating disorder is much more common in the general population 

than other eating disorders. Furthermore, the severity of binge 

eating has been positively correlated with global psychological 

distress, depression, interpersonal problems, low self-esteem (Telch 

and Agras, 1994), and these patients have significantly higher 

lifetime rates of panic disorder, bulimia nervosa, and personality 

disorders compared with individuals that do not meet these criteria 

(Yanovski et al., 1993). In addition, individuals with binge eating 

disorder were often diagnosed with comorbid anxiety (13%), 

substance abuse (4%), borderline personality (9%), avoidant 

personality (12%), and obsessive-compulsive personality disorders 

(14%) (Wilfley et al., 2000).  

Researchers estimate that women are 1.5 times more likely 
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than men to be diagnosed with binge eating disorder (Spitzer et al., 

1993). Pharmacotherapy research of bulimia nervosa and binge 

eating disorder is currently in early stages. Fluoxetine is the only 

medication with regulatory approval in bulimia nervosa, and no 

medication has approval for binge eating disorder. Many of the 

available pharmacotherapy studies in bulimia nervosa and binge 

eating disorder are limited by small sample size, high placebo 

response and dropout rates, and unclear generalizability of findings 

to real world clinical situations (McElroy et al., 2012).  
 

3.5. Animal models to study bulimia nervosa and binge 
eating 

 

Although bulimia nervosa and binge eating disorder share 

many clinical symptoms, they have distinct diagnostic criteria that 

are the primary basis to develop separate animal models. Notably, a 

trait such as lack of compensatory behaviour (e.g., self-induced 

vomiting or purging) in binge eating disorder, differentiates these 

two disorders. The compensatory behaviour is impossible to 

recapitulate in animal models. Consequently, bulimia nervosa and 

binge eating disorder appear to share the same animal models (Kim, 

2012). 

Food restriction or deprivation can induce increased food 

intake in animals and only 2h of food restriction can trigger an 

increase in subsequent food consumption in rats (Cottone et al., 

2008). In these conditions, a “binge-like” food intake persists for at 

least 4 h after reintroducing food. Other studies have explored food 
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restriction and refeeding paradigms by exposing animals to repeated 

fasting episodes to induce moderate weight loss, subsequently 

followed by periods of refeeding to regain their normal weight 

levels (Specker et al., 1994). When animals lost 20–35% of their 

normal weight, they showed significant binge-like eating, even in 

sated state. This behaviour can be induced in the absence of any 

additional factors such as palatable food or a stressor 

environmental. However, there are several critical points that should 

be considered. First, a simple increase in food consumption is 

different from “binge” eating. Second, binge eating is not usually 

driven by physical hunger (Waters et al., 2001). Even with these 

drawbacks, this food restriction model still provides interesting 

aspects of eating disorders. The increase in food intake observed 

after fasting persists even after reaching basic metabolic needs, 

which reflects one characteristic of binge eating in humans (Hagan 

et al., 2003). It is important to point out that dieting and food 

restriction have been shown to increase the risk of binge eating in 

individuals either with or without history of bulimia nervosa or 

binge eating disorder (Stice et al., 2006). 

Stress has a major influence in feeding behaviour (Jahng, 

2011). Animal models only based on food restriction show quite 

moderate increases in food consumption. However, when 

fasting/refeeding paradigm with palatable foods is combined with 

stress such as electric footshock, animals display more robust binge-

like increases in food intake (Hagan et al., 2002). This binge-like 

behaviour is not expressed if animals are exposed to only 

fasting/refeeding or footshock (Artiga et al., 2007). The effect of 
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this combination is quite specific since animals must be exposed to 

at least three fasting/refeeding cycles before footshock in order to 

induce binge-like behaviour (Artiga et al., 2007). Other 

environmental factors can also be manipulated to introduce stress, 

such as postnatal maternal separation (Jahng, 2011). Rodents under 

postnatal maternal separation exhibit depression and anxiety-like 

behaviours in adulthood, with imbalances in 5-HT levels. However, 

they do not show obvious hyperphagia or weight gain. Once 

postnatal maternal separation is combined with repeated 

fasting/refeeding cycle during adolescence period, rodents start to 

display binge-like eating behaviours (Jahng, 2011). Stress itself 

does not always increase food consumption and it appears that the 

nature of the stressor delineates the outcome of eating behaviours, at 

least in humans. Indeed, stress model can also be used to study 

anorexia nervosa as previously described (Jahng, 2011). 

Physiological stressors such as overloaded work, interpersonal 

issues, or self-pride have been associated with an increase in food 

intake or extra snacking between meals (O'Connor et al., 2008), 

whereas stressors caused by a threat of physical pain or discomfort 

usually display the opposite behaviour (Heatherton et al., 1991). 

Therefore, combination of stress and fasting/refeeding paradigm 

captures some binge eating behaviours, although several caveats 

remain in the current models. Binge eating behaviour is more severe 

with palatable food than with normal chow in this model. This leads 

to speculations that an increase of palatable food consumption 

under these conditions serves as an increased motivation for reward 

after repeated fasting.  
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None of the models described earlier address some of the core 

criteria of either bulimia nervosa or binge eating disorder: the sense 

of lack of self-control, or the emesis following the binge eating of 

bulimia nervosa (Kim, 2012). No rodent model is available to 

reproduce postprandial vomiting, although a sham-feeding model 

may provide some information about this particular behavioural 

trait of binge eating. Sham-feeding can be achieved with a gastric 

fistula, by which liquid food can be drained out before it enters the 

intestine (Smith, 1996). Under these conditions, rats show binge-

like behaviour consuming a large amount of food compared with 

the controls with fistula closed. This model mimics the purging seen 

in patients with bulimia nervosa. However, the drainage in this 

model is by experimental manipulation and not by the intention of 

own animal. Nevertheless, this model offers insight to the 

physiology associated with bulimia nervosa (Smith, 1996). 
 

3.6. Obesity 

 

Obesity rates continue to increase throughout the world. A 

recent report from the World Health Organisation estimated that 

approximately 400 million adults are obese and 1.6 billion are 

overweight worldwide in 2005 and by 2015 these figures will 

almost double (Diaz et al., 2009). Obesity is a complex metabolic 

disorder defined as an excess accumulation of fat in adipose tissue 

to an extent that can negatively affect a person’s health (Garrow and 

Garrow, 1988; James et al., 2001). The etiology of this disease is 

complex, involving a multitude of genetic, neural, physiological, 
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hormonal, nutritional, social, and psychological factors, which can 

interact to promote weight gain under numerous conditions 

(Covasa, 2010). The most common method for defining obesity is 

the Body Mass Index (BMI). The BMI is defined as weight divided 

by the square of the height measured by kg/m2. The World Health 

Organisation classified overweight when the BMI is between 25 

and 29.9 and obesity when the BMI is 30 or above (James et al. 

2001; World Health Organization, 2004). 

The BMI is useful for measuring overweight and obesity in 

adults and for estimating their prevalence within a population, but it 

does not distinguish muscle weight from fatness and does not 

account for the wide variation in body fat distribution (James et al. 

2001; World Health Organization, 2004). While the BMI cut-off 

points for overweight and obesity in adults are commonly accepted 

worldwide, developing an internationally accepted standard of 

classification for childhood and adolescent obesity is much more 

difficult (World Health Organization, 2004). It is important to 

properly classify obesity in adults and children because it represents 

a medical problem that has become a global epidemic (Visscher and 

Seidell, 2001). Data from life-insurances and epidemiologic studies 

show that increasing degrees of overweight and obesity are 

important indicators of decreased longevity (Bray, 2004; Fontaine 

et al., 2003). Obesity is also associated with many comorbidities, 

such as cardiovascular diseases, type II diabetes mellitus and certain 

cancers (Bray, 2004), and increases the risk of stroke, hypertension, 

and dyslipidemia (Must et al., 1999; Must and Strauss, 1999). In 

addition, obesity can influence the development of liver and 
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gallbladder disease, sleep and respiratory patterns, and reproductive 

health (Clark et al., 1998; Dietl, 2005; Kopelman, 2000), and it has 

been considered an important risk factor for mortality and morbidity 

because it exacerbates the deleterious effects of other diseases. 

However, the exact mechanisms for these relationships are 

relatively unknown.  

Increase in body fat causes significant changes in 

physiological functions, and these changes vary depending on the 

regional distribution of adipose tissue (Kopelman, 2000). 

Generalized obesity results in alterations in total blood volume and 

cardiac function because the increase in lean and fat mass causes an 

enhancement in total body oxygen consumption (Kopelman, 2000). 

An increase in total circulating blood volume can lead to an increase 

in stroke volume (the volume of blood pumped from one ventricle 

of the heart with each beat) and cardiac output, thus increasing the 

risk for hypertension and stroke (de la Maza et al., 1994). Type II 

diabetes is another health problem affected by obesity, characterized 

by elevated fasting plasma insulin and exaggerated insulin response 

to glucose consumption due to a positive correlation between 

increasing upper body obesity and insulin resistance (Kolterman et 

al., 1980).  

The central obesity, an ‘apple-shaped’ distribution common in 

men, is strongly associated with metabolic syndrome, 

cardiovascular disease (Denis and Obin, 2013) and reduced levels 

of adiponectin (Cote et al., 2005). Indeed, abdominal adipocytes are 

very active from metabolic point of view. Cortisol and different fat 

deposits contribute to an exaggerated release of free fatty acids from 
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abdominal adipocytes into the portal system (Frayn et al., 1996). 

Visceral white adipose tissue is correlated with hepatosteatosis and 

hepatic insulin resistance (Bergman et al., 2006) and is a risk factor 

for glucose intolerance (Pouliot et al., 1992). 

The cause of obesity is much more complex, than just an 

imbalance of energy-intake and energy-expenditure. Many studies 

have examined different factors and the degree to which they 

contribute to the development of obesity. Decreases in food 

preparation time, advertisements for energy-dense foods, and the 

low prices of unhealthy foods promote the overconsumption of 

energy and contribute to the high prevalence of obesity (Rolls, 

2003; Young and Nestle, 2002). The high availability of low-cost, 

high-fat, high-carbohydrate foods creates a toxic environment that 

can exacerbate the negative effects of poor dietary habits. 

Technological developments, such as automobiles, television, and 

personal computers have fostered more sedentary activities by 

reducing job- and leisure-related energy expenditure (Zhang and 

Wang, 2004). Overconsumption of food along with a sedentary 

lifestyle is an association appropriate for ensuring of weight gain.  

Another important environmental factor that affects the 

development of obesity is stress. Psychosocial stressors, such as the 

increased level of stress experienced by individuals of lower 

socioeconomic status, may also influence the development of 

obesity (Pickering, 1999). Stress associated with low 

socioeconomic status has negative effects on mental health. 

Regardless of socioeconomic status, chronic exposure to stressful 

life events can lead to depression and anxiety (Everson et al., 2002; 
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Goodman, 1999; Roy, 2004). Depression and anxiety disorders are 

often present in individuals diagnosed with coronary heart disease, 

type II diabetes, hypertension and cancer, and these disorders are 

often comorbid with eating disorders and their complications 

(Dallman et al., 2005; Egede, 2007; Epel et al., 2004). Although the 

side effects of pharmacotherapy used to treat depression can explain 

this relationship in some particular patients, epidemiological data 

have shown that the number of depressive episodes positively 

predicts the risk of developing obesity, suggesting that mood is the 

main driver of emotional eating (Bjorntorp, 2001; Rosmond, 2004; 

Scott et al., 2008). Animal models have shown that chronic 

exposure to stressors leads to a reduction in the intake of standard, 

low-calorie diets, turning to a strong preference for more palatable, 

high-calorie diets (la Fleur et al., 2005; Pecoraro et al., 2004; 

Wilson et al., 2008). These data support the notion that humans 

experiencing stress seek comfort by consuming palatable foods that 

are high in fat and sugar (Pecoraro et al., 2004). These types of 

foods are called “comfort foods” because they have powerful 

reinforcing properties and repetitive rewards can alleviate feelings 

of anxiety and discomfort (Dallman et al., 2005). The high tendency 

to over consume the comfort food represents an important factor to 

promote obesity (Bray, 2004).  

Weight regain has been the main problem for most dietary 

and behavioural interventions (Wadden et al., 2002). Patients 

typically regain about 30% to 35% of their lost weight in the year 

following behavioural treatments, such as dieting and increasing 

physical activity; and by 5 years, 50% or more of patients are likely 
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to have returned to their baseline weight (Wadden et al., 2002). 

These studies also suggest that negative feelings, such as 

depression, anxiety, and helplessness vastly contribute to fail 

attempts at maintaining a weight loss regimen (Tate et al., 2001; 

Wing et al., 2001).  

Several neurochemical systems have been reported to be 

involved in the neurobiological mechanisms underlying obesity. 

The endogenous opioid activity appears to augment the intake of 

high-fat high-sugar foods and underlie the rewarding properties of 

palatable foods (Zhang et al., 1998). In agreement, the opiate 

antagonist naloxone inhibits feeding in mammals (Yeomans and 

Gray, 2002). Food intake can also activate the DA reward pathway 

in the brain (Volkow and Wise, 2005). Thus, obese Zucker rats, 

leptin deficient ob/ob mice, and obesity-prone Sprague-Dawley rats 

have reduced DA activity in the tuberoinfundibular pathway that 

projects to the hypothalamus, and DA agonists treatment reversed 

the obesity in these animals by activating DA D2 and D1 receptors 

(Fulton et al., 2000; MacDonald et al., 2004; Volkow and Wise, 

2005). In agreement, brain imaging studies show reductions in DA 

D2 receptors in the striatum of obese humans (Pijl, 2003). Similar 

decreases in striatal dopaminergic activity have been revealed in 

cocaine, alcohol, nicotine, methamphetamine and heroin users 

(Volkow et al., 2009; Volkow et al., 1997), as well as in animals 

receiving these drugs of abuse (Volkow et al., 2013). The impact of 

the endocannabinoid system on obesity is also crucial and it is 

described in 2.5 chapter.  



Introduction 

 76 

However, treatment options for obesity remain quite limited. 

Lifestyle changes in the form of dieting and/or exercise do not 

generally produce marked or sustainable weight loss (Leblanc et al., 

2011), whereas effective psychological therapies, such as cognitive 

behavioural therapy, cannot easily be delivered on a mass scale 

(Wing et al., 2006) and long-term results are disappointing. 

Bariatric surgery, such as Roux-en-Y bypass or gastric banding, is 

much more effective in terms of weight loss, comorbidity reduction 

and enhanced survival (Kral and Naslund, 2007; Sjostrom et al., 

2007). However, these procedures tend to be reserved for the 

morbidly obese considering the concerns about perioperative 

mortality, surgical complications and the frequent need for 

reoperation (Field et al., 2009).  

Pharmacological agents that induce weight loss may reduce 

appetite or increase satiety, reduce the absorption of nutrients, or 

increase energy expenditure. Weight loss with pharmacotherapies is 

generally modest, usually from 2 to 7.9  kg more than that achieved 

with placebo treatment (Ioannides-Demos et al., 2005). In the past, 

drug therapies available have included thyroid hormone, 

dinitrophenol and amphetamines, followed by amphetamine 

analogues, aminorex, and the fenfluramines (Ioannides-Demos et 

al., 2005). Amphetamines and amphetamine-like analogues 

(phentermine, diethylpropion, phenylpropanolamine) are indirect-

acting sympathomimetic agents restricted due to their abuse 

potential. Rimonabant, a CB1 receptor antagonist, was introduced to 

the clinical market to treat cardiometabolic risk factors in obese and 

overweight patients in 2006. Unfortunately, in 2008, the European 
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Medicines Agency withdrew market authorisation for rimonabant 

due to an increased risk of psychiatric adverse events, including 

depressed mood disorders, anxiety, and suicidal ideation (Janero et 

al., 2011). Sibutramine, a 5HT and NA uptake inhibitor, was 

originally developed as an antidepressant, but subsequently found to 

reduce appetite and was approved for treating obesity in 1997 

(Padwal and Majumdar, 2007). However, the European Medicines 

Agency concluded that the benefits of sibutramine did not outweigh 

the risks and recommended that all marketing authorisations for 

medicines containing sibutramine should be suspended throughout 

Europe (Van Gaal et al., 2010). Other agents have been trialed 

though only orlistat (a gastrointestinal lipase inhibitor) was 

approved for long-term use (≥24 weeks) in obese patients in 1999 

(Ioannides-Demos et al., 2011). It does not directly act on appetite 

as other obesity pharmacotherapies, rather it decreases fat 

absorption by binding to pancreatic lipase, the principle enzyme that 

hydrolyses triglycerides (Padwal and Majumdar, 2007).  

Promising agents, such as liraglutide and exenatide that are 

GLP1 analogues were developed and proposed for the treatment of 

type 2 diabetes that is associated to obesity (Vilsboll et al., 2007). 

Phase III trials of liraglutide have demonstrated beneficial weight 

loss in obese patients by increasing the secretion of leptin, which 

results in suppressed appetite, decreased energy intake and a delay 

in gastric emptying (Astrup et al., 2009). Higher doses of liraglutide 

demonstrated significantly greater weight loss than orlistat 

(Ioannides-Demos et al., 2011). However, traditional 

pharmacological monotherapies for obesity, although initially 
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successful in achieving weight loss, are often subject to counter-

regulation. This is not surprising given the multiplicity and 

redundancy of mechanisms involved in appetite regulation and 

energy homeostasis (Adan et al., 2008). It is therefore pertinent to 

note that two of the three treatments that were most recently 

submitted for Food and Drug Administration agency approval 

(Contrave® and Qnexa®) are effectively ‘polytherapies’ – i.e. 

combination agents that are designed to simultaneously target more 

than one biological mechanism and that might ultimately be more 

effective in producing sustained weight loss and improvements in 

comorbidities (Rodgers et al., 2012). Contrave® is a fixed-dose 

combination of naltrexone and bupropion, both sustained release in 

a single tri-layer tablet, for the treatment of obesity (Makowski et 

al., 2011; Rodgers et al., 2012). Naltrexone is an opioid receptor 

antagonist marketed in the USA for the treatment of narcotic and 

alcohol dependency, while bupropion is a DA and norepinephrine 

reuptake inhibitor prescribed as an antidepressant and smoking 

cessation aid (Makowski et al., 2011). In combination, the agents 

are thought to stimulate POMC neuronal firing and modulate food 

cravings through an effect on the reward pathways (Makowski et 

al., 2011). Qnexa® formulation contains doses of the amphetamine 

analogue phentermine that are 1/10 to 1/2 the doses used for obesity 

and doses of topiramate that are 1/16 to 1/4 the doses used as an 

anticonvulsant (Bello and Campbell, 2012). Qnexa® produced 

significantly greater weight loss than individual doses of 

phentermine or topiramate (Bello and Campbell, 2012). Advantages 

of polytherapy include the use of lower drug doses, possible 
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synergistic or at least additive effects on weight loss and less 

serious side effects (Greenway et al., 2009; Roth et al., 2010).  
 

3.7. Animal models of obesity 

 

Animal models have provided a fundamental contribution to 

the knowledge of the different physiological mechanisms that 

regulate our energy balance. Animal models are also crucial to 

study environmental effects, such as epigenetics, responses to high-

fat and low-calorie diets and the identification and development of 

pharmaceuticals for obesity treatment (Speakman et al., 2008). 

Different animal model have been employed to study the 

physiological and genetic basis of obesity. They vary from models 

reflecting single gene mutations that have arisen spontaneously in 

rodent colonies to genetically-engineered disruptions that may be 

generated in specific tissue or cell types (McMurray et al., 2012). 

The ob/ob (Zhang et al., 1994) and db/db (Bahary et al., 1990) 

mice and Zucker (fa/fa) obese rat (Zucker and Zucker, 1961) are 

classic cases of spontaneous single gene loss-of-function mutations 

that generate massive obesity. The defect in the ob/ob mouse is a 

single base pair deletion, and the gene product was called as leptin 

(Zhang et al., 1994). The db/db mouse and fa/fa rat mutations 

turned out to be mutations in the leptin receptor. The discovery of 

leptin heralded an explosion of activity in the field of energy 

regulation. Leptin receptors are expressed by brain neurons 

involved in energy intake and administration of this peptide directly 

into the brain reduces food intake, whereas deficiency of the 
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hormone does the opposite (Schwartz et al., 2000). The discovery of 

the ob/ob mouse and the leptin gene was a major advance, although 

genetic screens of the human population revealed trivially small 

numbers of obese individuals that have mutations with loss-of-

function in this gene (Farooqi and O'Rahilly, 2005). There are now 

at least 10 known single-gene loss-of-function defects that cause 

massive obesity and have been completely genetically characterized 

(Speakman et al., 2008) and the same is true for all these genes that 

have been discovered as spontaneous single-gene defects leading to 

obesity (Rankinen et al., 2006). Many of the genes that appear 

important in single-gene mutation events seem to be involved in a 

common pathway that includes leptin and insulin as signalling 

molecules (Schwartz et al., 2000). The researches on new possible 

loss-of-function mutations of critical genes have been accelerated 

by increasing the mutation rate artificially, by treating animals with 

mutagenic chemicals, or exposing them to radiation (Dhar et al., 

2000; Dhar et al., 2004).  

Transgenic mouse technology may be a valuable tool to 

prospectively identify genes that regulate body fat in vivo, and then 

to develop anti-obesity therapeutics by targeting the human protein 

products of these genes (Powell, 2006). As identification and testing 

ground for potential obesity pharmaceuticals, rodents will remain a 

crucial model. An example of a drug target that was identified in 

animals, leading to the development of a class of potential obesity 

therapeutics, was the development of the CB1 antagonist 

rimonabant (Martin-Garcia et al., 2010). Despite the withdrawal of 

rimonabant and the demise of several CB1 receptor antagonist 
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development programmes, there are reasons to believe that the end 

of the line for anti-obesity treatments targeting the CB1 receptor still 

has not been reached (Bermudez-Silva et al., 2010).  

An enormous number of transgenic models with obese or lean 

phenotypes have been created since the characterization of the first 

obesity genes (Boersma et al., 2012; Salton et al., 2000). More than 

250 human genes linked to obesity have been mutated or expressed 

as transgenes in the mouse and have result in phenotypes that affect 

body weight and adiposity (Rankinen et al., 2006). An example is 

the s/s mouse, that was developed to investigate leptin signalling by 

introducing a knock-in mutation that disrupted the dominant 

intracellular signalling pathway of leptin and STAT3 (Bates et al., 

2003). The Cre/lox system has been used to generate mice with 

disruptions of the insulin receptor in fat tissue (the FIRKO mouse) 

(Bluher et al., 2002). The FIRKO mouse has a low-fat mass, loss of 

the normal relationship between plasma leptin and body weight, and 

appears to be protected against age-related and hypothalamic lesion-

induced obesity (Bluher et al., 2002). Obesity and its related 

energetic diseases are polygenic traits, and several research 

programmes have turned to the study of the polygenic basis of 

obesity, and many of these have employed animal models (Snyder 

et al., 2004).  

Animal studies have been used to evaluate environmental 

effects, such as the exposure to high-fat and palatable diets. One 

hypothesis for obesity epidemic is the possibility that our regulatory 

systems have become overwhelmed by high-fat, high-density 

palatable foods, which have become increasingly available in the 
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past 20–30 years (Goris and Westerterp, 2008). Many studies have 

characterized the responses of animals exposed to high-fat diets to 

examine the regulation of food intake under conditions of high-fat 

intake as a model of human obesity and have been termed diet-

induced obesity models in rodents (Surwit et al., 1988). Some 

rodent strains, termed dietary-resistant strains, and many wild 

rodents seem resistant to weight gain when given high-fat diets. The 

outbred Sprague-Dawley rats present a large diversity of responses 

to high-fat high-palatability diet that include some animals showing 

diet-induced obesity and others dietary-resistant responses (Levin 

and Keesey, 1998; Mercer and Archer, 2005). This may give some 

insights to clarify why some individuals develop obesity and others 

do not when exposed to the same obesogenic environment. A major 

difference between these experimental designs and the human 

situation is that an important component of human susceptibility to 

obesity may not depend on the ability to resist weight gain when 

force-fed a high-fat diet. Indeed, it may primary depend on 

individual differences in the propensity to choose high-fat foods in 

the first place. Few studies have explored this aspect of choice 

behaviour in animal models (Smith et al., 2000). In this field, inbred 

strains of rats show very large differences in their preference for 

sweet-tasting water suggesting significant differences in individuals 

in their propensity to select different foods based on polymorphic 

variation in their taste receptors (Odorizzi et al., 2002). This may be 

a much more promising research approach compared with the 

models where animals are force-fed high-fat diets without choice, as 

humans rarely face this latter scenario (Zhang et al., 2012).  
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A popular recent hypothesis concerning obesity is that 

epigenetic effects may program the susceptibility, and these factors 

can be difficult to separate from genetic effects (Fleisch et al., 

2012). An obesity phenomenon related to epigenetic factors has 

been first discovered in humans rather than in animal models (Law 

et al., 1992). Moreover, animal models provide a very useful tool 

for the study of the mechanisms by which such epigenetic effects 

arise (Fleisch et al., 2012). Many intervention studies have been 

made in rats and mice that involve changes in the intrauterine 

number of foetuses or manipulations of foetal nutrition by ligation 

of the placenta (Holemans et al., 2003). Some of these adaptations 

may predispose the offspring to the development of insulin 

resistance, cardiovascular disease, obesity, and even type II diabetes 

in later life (Holemans et al., 2003). 

The use of animal models to evaluate the effects of genetic, 

physiological, epigenetic and environmental factors in the 

development of obesity as well as investigations of potential 

treatments in animals has provided an enormous amount of 

information to understand the conditions leading to obesity. It is 

therefore not possible to replace at the present moment and 

probably also in the future animals with computer-based models of 

energy regulation or with cell-culture-based work. These 

approaches cannot realistically overtake the use of live animals in 

experimental investigations of energy balance and obesity (Wang et 

al., 2012).  
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4. Addiction 
 

4.1. Neurobiology of drug addiction 

 

Drug addiction is a chronic relapsing disorder in which 

compulsive drug-seeking and drug-taking behaviour persists despite 

serious negative consequences. In addict subjects, drug taking 

become an essential issue and the drug-centred existence can cost 

them their jobs, personal relationships, financial standing, 

happiness, and in even their lives. Drug addicts often appear to have 

lost the ability to make choices that promote their survival. Many 

drug addicts who seek treatment report that they realize the 

destructive nature of their addiction but they are unable to alter their 

compulsive behaviour (Le Moal and Koob, 2007). The consumption 

of drugs of abuse represents an increasing problem in the world 

today, with major impact on the individuals as well as the society in 

general. Social and psychiatric problems are very common as a 

consequence of addiction and treatment interventions are limited.  

From a clinical perspective, drug-taking behaviours have 

been compartmentalized into three different stages use, abuse and 

dependence, in order to intervene, help and treat patients. 

Substance use is defined as recreational use for non-medical 

purposes without negative consequences (also referred to as social 

use), while substance abuse is characterized by continued drug use 

despite the harmful/negative consequences at the social and/or 

personal levels: failure to fulfil major roles at work, school, home, 

and/or physical problems arising as a consequence of drug use. 
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According DSM IV formulated by the American Psychiatric 

Association, substance dependence is defined as a maladaptive 

pattern of substance use leading to clinical impairment or distress 

(American Psychiatric Association, 2000) (Table 4.1). Three out 

of the seven criteria have to be fulfilled during a twelve-month 

period in order to be diagnosed with substance dependence. 
 

Table 4.1 DSM-IV criteria for substance dependence 

 

It is important to note that physical dependence per se is 

The DSM-IV criteria define substance dependence as a 
maladaptive pattern of substance use, leading to clinically 
significant impairment or distress, as manifested by three (or 
more) of the following, occurring at anytime in the same 12-
month period: 
1. Tolerance, as defined by either of the following: 
(a) The need for markedly increased amounts of the substance to 
achieve intoxication or desired effect. 
(b) Markedly diminished effect with continued use of the same 
amount of the substance. 
2. Withdrawal, as manifested by either of the following: 
(a) The characteristic withdrawal syndrome for the substance. 
(b) Use of the same (or a closely related) substance is taken to 
relieve or avoid withdrawal symptoms. 
3. The substance is often taken in larger amounts or over a longer 
period than was intended. 
4. A persistent desire or unsuccessful efforts to cut down or 
control substance use. 
5. A great deal of time is spent in activities necessary to obtain 
the substance, use the substance, or recover from its effects. 
6. Important social, occupational, or recreational activities are 
given up or reduced because of substance use. 
7. Continued substance use despite knowledge of having a 
persistent or recurrent physical or psychological problem that is 
likely to have been caused or exacerbated by the substance. 
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neither necessary nor sufficient to cause addiction. For reminding, 

DSM-III-R criteria were mainly focused on tolerance and 

withdrawal. The new DSM-5 does not separate the diagnoses of 

substance abuse and dependence as in DSM-IV (American 

Psychiatric Association, 2013).  

Long-lasting vulnerability to relapse has been recognized as a 

phenomenon pivotal for the understanding and treatment of drug 

addiction. Elucidation of the neurobiological mechanisms 

underlying the chronically relapsing nature of addiction and 

identification of pharmacological treatment targets for relapse 

prevention has therefore emerged as a crucial topic in addiction 

research (Kuhn and Koob, 2010). Addiction disorders are highly 

complex diseases and result from genetic, epigenetics, 

developmental and sociological vulnerabilities combined with drug-

induced changes in the brain. Theoretical models have therefore 

emerged trying to explain the key features of addiction, including 

motivation, craving, relapse and loss of control. Indeed, current 

views acknowledge that drug addiction is based on pathological 

changes in brain function produced by repeated pharmacological 

insult to specific brain circuits by drugs of abuse (Kalivas and 

O'Brien, 2008). The repeated stimulation of motivational circuitries 

by addictive drugs impairs the development of behavioural 

strategies towards biological stimuli in favour of progressively 

greater orientation of behaviour towards drug-seeking and drug-

taking (Kalivas and Volkow, 2011). These adaptive changes are 

long-lasting and give rise to the repeated relapse to drug-taking that 

characterizes addiction. 
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4.2. Main theories of drug addiction 

 

Altered dopamine signalling has been implicated in all stages 

of drug addiction, from induction to maintenance to relapse. Drugs 

of abuse act directly on the mesolimbic DA system thereby 

bypassing sensory processing and adaptive mechanisms that 

normally control the nucleus accumbens DA release (Wanat et al., 

2009). Most theories of drug addiction postulate that this “direct 

access” to dopamine signalling pathways results in abnormal 

shaping of synaptic efficiency. However, these theories differ 

regarding the effects that these processes have on the development 

of the addictive process. 

The initial acute rewarding effects of drugs of abuse are 

mainly achieved by the enhancement of the activity of the 

mesocorticolimbic circuit, which is composed of the ventral 

tegmental area, containing the dopaminergic cell bodies, and the 

terminal areas in the basal forebrain (nucleus accumbens, olfactory 

tubercle, amygdala and frontal and limbic cortices), where DA is 

released (Koob and Volkow, 2010) (Fig. 4.1). The positive 

reinforcement theory of addiction postulates that hedonic processes 

(“liking”) associated with drug intake are not mediated by the 

mesolimbic DA pathways, which instead is involved in the 

attribution of incentive salience to stimuli associated with rewards 

(“wanting”) (Robinson and Berridge, 1993). 
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Figure 4.1. Sagittal section through a representative rodent brain illustrating the 
pathways and receptor systems implicated in the acute reinforcing actions of 
drugs of abuse. Cocaine and amphetamines activate the release of DA in the 
nucleus accumbens and amygdala through direct actions on DA terminals. 
Opioids activate opioid receptors in the VTA, nucleus accumbens, and amygdala 
through direct or indirect actions via interneurons. Opioids facilitate the release of 
DA in the nucleus accumbens by an action either in the VTA or the nucleus 
accumbens, but also are hypothesized to activate elements independent of the DA 
system. Alcohol activates γ-aminobutyric acid-A (GABAA) receptors or GABA 
release in the VTA, nucleus accumbens, and amygdala by either direct actions at 
the GABAA receptor or through indirect release of GABA. Alcohol is also 
hypothesized to facilitate the release of opioid peptides in the VTA, nucleus 
accumbens, and central nucleus of the amygdala. Alcohol facilitates the release of 
DA in the nucleus accumbens through an action either in the VTA or the nucleus 
accumbens. Nicotine activates nicotinic acetylcholine receptors in the VTA, 
nucleus accumbens, and amygdala, either directly or indirectly, through actions 
on interneurons. Cannabinoids activate CB1 receptors in the VTA, nucleus 
accumbens, and amygdala and facilitate the release of DA in the nucleus 
accumbens. The blue arrows represent the interactions within the extended 
amygdala system hypothesized to have a key function in drug reinforcement. The 
medial forebrain bundle represents ascending and descending projections between 
the ventral forebrain (nucleus accumbens, olfactory tubercle, septal area) and the 
ventral midbrain (VTA) (not shown in figure for clarity). AC, anterior 
commissure; AMG, amygdala; ARC, arcuate nucleus; BNST, bed nucleus of the 
stria terminalis; Cer, cerebellum; C-P, caudate-putamen; DA, dopamine; DMT, 
dorsomedial thalamus; FC, frontal cortex; Hippo, hippocampus; IF, inferior 
colliculus; LC, locus coeruleus; LH, lateral hypothalamus; N Acc., nucleus 
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accumbens; OT, olfactory tract; PAG, periaqueductal gray; RPn, reticular pontine 
nucleus; SC, superior colliculus; SNr, substantia nigra pars reticulata; VP, ventral 
pallidum; VTA, ventral tegmental area (Koob and Volkow, 2010). 
 

This theory states that the nucleus accumbens DA mediates 

the motivation to pursue rewards. Repeated drug use produces 

neuroadaptive changes within this mesocorticolimbic DA system. 

Indeed, addictive drugs render these brain reward systems 

hypersensitive (i.e., “sensitized”) to drugs and drug-related stimuli, 

causing pathological wanting of drugs (Berridge et al., 2009; 

Robinson and Berridge, 1993, 2000). According to the theory, the 

repeated drug use sensitizes only the neural systems that mediate 

the motivational process of incentive salience “wanting”, but not 

neural systems that mediate the pleasurable effects of drugs “liking” 

(Robinson and Berridge, 2008). Thus, the degree to which drugs are 

wanted increases disproportionately to the degree to which they are 

liked and this dissociation between wanting and liking progressively 

increases with the development of addiction (Robinson and 

Berridge, 2008). According to this view, relapse to drug seeking 

and compulsive aspects of drug taking are mediated by the 

sensitized DA efflux in the nucleus accumbens in response to a 

drug-paired cue. The underlying sensitization of neuronal structures 

persists for long periods of time, making addicts vulnerable to 

relapse (Robinson and Berridge, 1993, 2000).  

The theory of hedonic allostasis proposed by Koob and Le 

Moal assigns negative reinforcement (alleviating withdrawal 

symptoms) as an important regulator of the transition from 

controlled drug use to a compulsive relapsing disorder (Koob and 

Le Moal, 2001). This theory postulates that any motivational 
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stimulus activates two opposing motivational processes. The a-

process consists of positive hedonic responses, has a fast onset and 

offset, correlates with the intensity, quality, and duration of the 

rewarding stimulus, and shows tolerance (George et al., 2012) (Fig. 

4.2). The b-process appears after the a-process has terminated, is 

opposite in direction and gets larger with repeated exposure. The 

initial acute effect of a drug of abuse (the a-process or positive 

hedonic response) was hypothesized to be opposed or counteracted 

by the b-process as homeostatic changes in brain systems (George 

et al., 2012) (Fig. 4.2.). With repeated exposure to drugs, the b-

process sensitizes, appears earlier after the unconditioned stimulus, 

lasts longer, and masks the a-process, leading to apparent tolerance. 

Therefore, drug use produces disequilibrium in brain reward 

systems for which the individual allostatic processes, or the ability 

to achieve stability through change, cannot be maintained (Koob 

and Le Moal, 2008). The apparent b-process never returns to the 

original homeostatic level as before drug-taking is reinitiated, thus 

creating a greater allostatic state in the brain reward system. During 

the transition to the state known as addiction, the brain reward 

system is in an under activated state while the brain stress system is 

highly activated (Koob and Le Moal, 2008). Enhanced sensitivity 

and counter adaptation of the brain’s reward system are 

hypothesized to be at the centre of this shift in hedonic 

homoeostatic regulation involving opposing alterations in 

mesolimbic DA, opioids and stressor hormone functions (Koob and 

Le Moal, 2008). 
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Figure 4.2. Diagram illustrating a model of motivation to outline the conceptual 
framework of the allostatic hypothesis. Both panels represent the affective 
response to the presentation of a drug. (Top) This diagram represents the initial 
experience of a drug with no prior drug history. The a-process represents a 
positive hedonic or positive mood state, and the b-process represents a negative 
hedonic or negative mood state. The affective stimulus (state) has been argued to 
be the sum of both an a-process and a b-process. (Bottom) Changes in the 
affective stimulus (state) in an individual with repeated frequent drug use that 
may represent a transition to an allostatic state in the brain reward systems and, 
by extrapolation, a transition to addiction. CRF, corticotropin-releasing factor; 
GABA, γ-aminobutyric acid; NPY, neuropeptide Y (Koob, 2008). 

 

Kalivas and O ́Brien propose a theory where the ‘core’ 

addiction syndrome is hypothesized to be caused by pathological 

mechanisms of brain neuroplasticity underlying motivated 

behaviours that also affect the ability to value natural rewards 

(Kalivas and O'Brien, 2008). The motivational circuits are 

important for choosing among natural rewards or avoiding 

dangerous situations (Everitt and Robbins, 2005; Kelley, 2004). 

However, drugs change these brain circuits and hence impair the 

ability to create a proper hierarchy among behaviours, instead 

favouring drug-related behaviours (Kalivas and Volkow, 2005). 

This can be exemplified as the inability of a substance abuser to 

appreciate natural rewards such as friendship or love and being able 

to prioritize them over drug-seeking and -taking. This theory 
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proposes that transient as well as stable plasticity in the 

motivational circuit contribute to this pathology. Impairment of 

transient plasticity is largely due to the pharmacological actions of 

the drug and probably contributes to the development of addiction 

by promoting acquisition of new memories coupled to the drug that 

favours drug-induced behaviours. Transient plasticity typically 

occurs during social use and critically involves DA cells in the 

ventral tegmental area that release DA in the prefrontal cortex, 

amygdala and nucleus accumbens (Berridge and Robinson, 1998; 

Berridge et al., 2009; Kelley, 2004; Wise, 2004). When drug 

seeking and drug taking becomes well established, there is a 

progressive shift from motivated seeking of goals dependent on the 

nucleus accumbens to stimulus-response habits, which are 

dependent on the dorsal striatum (Fig. 4.3).  

Such a shift would help explain cue activated–automatized or 

habit-like drug seeking in addicted subjects and the resistance of 

drug-seeking habits to treatment interventions, in line with the 

overall resistance of well-ingrained habits to disruption (Everitt and 

Robbins, 2005). 
 

4.3. Relapse 

 

A basic definition of relapse is the return to drug-seeking and drug-

taking behaviour after a prolonged period of abstinence. Three 

stimuli have been identified to trigger relapse in humans: (1) the re-

exposure to drugs of abuse (Everitt et al., 2003), (2) drug-associated  
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Figure 4.3. Schematic depiction of striatal circuitry in the rat hypothesised to 
mediate the shift from behavioural impulsivity to compulsive patterns of drug-
seeking and drug-taking. Abnormalities in DA neurotransmission in the ventral 
striatum (core and shell sub-regions of the nucleus accumbens and olfactory 
tubercle, Island of Calleja complex) are postulated to pre-dispose to impulsive 
behavioural tendencies and risk for escalation of drug intake. Increased drug 
intake is hypothesised to result in a progressive disruption of DA 
neurotransmission in the dorsal striatum and facilitation of compulsive, habit-
based drug taking that persists despite increasingly negative or adverse 
consequences of continued drug abuse (Dalley and Everitt, 2009). 

 

environmental cues (Carter and Tiffany, 1999), (3) stress (Shaham 

et al., 2000; Shalev et al., 2000). Relapse can arise months and even 

years after detoxification, indicating that persistent neuroadaptations 

occur after the repeated administration of drugs. These enduring 

plastic changes induced by the chronic exposure to drugs are due to 

modifications in multiple proteins in the reward–related brain 

regions (Kalivas, 2009; Kalivas and Volkow, 2011). In contrast to 

the acute stimulation of DA transmission produced by drugs of 

abuse, the enduring vulnerability to relapse arises from long-term 

neuroadaptations in the corticostriatal glutamatergic circuitry in 

which the DA axon terminals are embedded (Kalivas, 2009). There 
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is evidence that the neuronal mechanisms underlying drug priming-, 

cue- or stress-induced relapse involve different brain areas and 

neurotransmitters. 

Neural activity in the ventral tegmental area, prefrontal cortex, 

nucleus accumbens and ventral pallidum is necessary for drug-

induced relapse and DA receptors appear to play a critical role in 

this priming-induced relapse. Drug-triggered relapse is induced by 

the stimulation of D2 receptors in the nucleus accumbens. In cue-

induced relapse, midbrain DA neurons show a complex changing 

response to reward. The response to reward itself habituates and, 

instead, the DA neurons fire in response to the predictors or cues. 

DA neurons receive highly processed information from the 

prefrontal cortex and amygdala. Basolateral amygdala is implicated 

in assigning environmental stimuli with affective value and 

consolidating memory for emotionally arousing events (Everitt et 

al., 2003; Kalivas and Volkow, 2011). In drug addicts, the exposure 

to drug-associated cues evokes drug-related emotional memories 

stored in the basolateral amygdala, bringing back the desire to 

consume and inducing relapse (Kalivas and Volkow, 2011).  

Stress is a common precipitant of relapse in addicted patients. 

Two neurotransmitter systems and two brain structures seem to be 

critically involved in stress-induced, but not in drug- or cue- 

induced reinstatement. Corticosterone releasing factor and 

noradrenaline systems are released during stress at the central 

nucleus of the amygdala and the bed nucleus of the stria terminalis 

(Shaham et al., 2000; Shalev et al., 2000). Both areas are 

interconnected with the shell of the nucleus accumbens and the 
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ventral pallidum, modulating emotional responses, including those 

associated with addiction (McFarland et al., 2004). Corticosterone 

releasing factor and noradrenaline within the bed nucleus of the 

stria terminalis and the central nucleus of the amygdala play critical 

roles in footshock-induced reinstatement. Other neurotransmitters, 

such as cannabinoids, opioids and hypocretins are also involved in 

relapse. Thus, cannabinoid antagonist AM-251 blocked stress-

induced, but not cocaine-induced, reinstatement of cocaine-seeking 

behaviour (Vaughn et al., 2012) and the delta opioid receptor 

antagonist SoRI-9409 attenuated stress-induced reinstatement of 

ethanol-seeking in rats (Nielsen et al., 2012). Moreover, 

hypocretin/orexin signalling is also critically involved in relapse to 

drug-seeking behaviours. Hypocretin 1 reinstates nicotine seeking 

through a mechanism independent of corticosterone releasing factor 

activation (Plaza-Zabala et al., 2013; Plaza-Zabala et al., 2010).  

Thus, although there are a number of unique aspects involved 

in each type of reinstatement, studies collectively suggest that 

projections from the ventral tegmental area (all forms of 

reinstatement), limbic regions including the basolateral amygdala 

(cue reinstatement), the central nucleus of the amygdala, the bed 

nucleus of the stria terminalis, and the nucleus accumbens shell 

(stress reinstatement) converge on motor pathways involving the 

dorsomedial prefrontal cortex and the nucleus accumbens core that 

represent a “final common pathway” for all three types of 

instigating factors in relapse (Feltenstein and See, 2013). It should 

be noted, however, that recent discoveries have implicated other 

brain structures and neurotransmitter systems in drug seeking 
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behaviours. As mentioned previously, a considerable amount of 

research has implicated the dorsal (Meyers et al., 2006; Xie et al., 

2010) and ventral (Lasseter et al., 2010) hippocampus in cue-

induced relapse, including discrete and contextual forms of 

associative learning. 

The neuronal mechanisms underlying reinstatement of food 

seeking overlap to some degree with those of reinstatement to drug 

seeking. Similarities between reinstatement of food seeking and 

drug seeking are first suggested by pharmacological studies. Thus, 

intracerebroventricular injections of hypocretin 1, reinstate food, 

nicotine and cocaine seeking, whereas systemic THC injections 

reinstate both food and alcohol seeking. In addition, systemic 

nicotine injections reinstate nicotine, alcohol, and food seeking 

(after prior exposure to nicotine), and systemic injections of D2-

family receptor agonists reinstate heroin, cocaine, and food seeking 

(Nair et al., 2009; Plaza-Zabala et al., 2010). Together, these data 

suggest an overlap in the neurotransmitter systems involved in food 

and drug seeking. Non-contingent delivery of a small number of 

food pellets likely induces reinstatement because of the pellet's 

taste/smell cue properties, whereas drug priming reinstatement is 

primarily due to direct pharmacological effects of the drug (Nair et 

al., 2009). Despite this difference, there seems to be some overlap 

between the mechanisms underlying priming-induced reinstatement 

of food and drug seeking (Rogers et al., 2008). Although, the 

circuitry of heroin-priming- and cocaine-priming-induced 

reinstatement only partially overlap (Rogers et al., 2008), it appears 

that the medial prefrontal cortex DA transmission and the nucleus 
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accumbens core glutamate transmission, mediate both drug-

priming- (Rebec and Sun, 2005), and food-priming-induced 

reinstatement (Kalivas and McFarland, 2003; Nair et al., 2009; 

Peters and Kalivas, 2006; Sun et al., 2005).  

Cue-induced reinstatement is procedurally similar regardless 

of whether the reinforcer being studied is food or a drug. The cues 

may be discrete, discriminative, or contextual, and cue-induced food 

seeking has also been assessed in a single extinction test (Bossert et 

al., 2007; Feltenstein and See, 2008). The mechanisms underlying 

cue-induced reinstatement of food and drug seeking also seem to 

overlap. These mechanisms include activation of group II 

metabotropic receptors (mGluR2 and mGluR3), D1 DA receptors, 

CB1 receptors, and mu opioid receptors, all of which contribute to 

reinstatement of heroin, cocaine, alcohol, and food seeking induced 

by cues (Nair et al., 2009). 
 

4.4. Frustration 

 

The behavioural alterations leading to addictive disorders can 

be investigated using instrumental behavioural paradigms that 

basically involve three types of goal-directed events: (1) rewarding 

events represented by the presence of stimuli which evoke a 

consummatory reaction, (2) punishing events evoked by noxious 

stimulation at the termination of a behaviour sequence, (3) 

frustrating events produced by the absence or delay of a rewarding 

event in a situation where it had been previously present (Amsel, 

1958). The two first goal-directed events have had a considerable 
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amount of theoretical and experimental attention in previous studies 

(Lynch et al., 2010), whereas the consequences of frustrating events 

in addiction-like behaviour have received less attention.  

Frustration occurs when an individual continues to do an 

action in the expectation of a reward, but does not actually receive 

that reward (Berkowitz, 1993). The individual may expect the 

reward because he/she does not know that the reinforcement 

contingencies have changed and the action no longer engenders 

reward. Functional magnetic resonance imaging studies 

investigating the response to frustration have all adopted this form 

of task structure whereby the participant does not receive the 

expected reward (Abler et al., 2005; Bjork et al., 2008; Siegrist et 

al., 2005). These studies have reported that frustrating events 

produce reductions in activity within striatum (Abler et al., 2005) 

that are particularly marked in substance abusing populations (Bjork 

et al., 2008). It would be expected that impairments in the ability to 

detect changes in reinforcement contingencies might be associated 

with increased anger (O'Doherty et al., 2004; O'Doherty et al., 

2003). Animal models of frustrated food or drug consumption can 

be of particular relevance to study the behavioural and 

neurobiological consequences related to the emotional states 

generated by these frustrated conditions that often occur in drug 

addicts and food eating disorder patients (Burokas et al., 2012). A 

specific theoretical behavioural model of frustrated behaviour has 

been developed in the fourth article of the present thesis. In this 

model, the effort requested to obtain the reward was maximised by 

using an adapted progressive ratio schedule of reinforcement to 
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promote specific behavioural consequences after the frustrated 

event (Burokas et al., 2012). 
 

4.5. Animal models to study addiction 

 

Whereas clinical research in human addicts has been helpful 

to elucidate the extent, demographics and the severity of addiction, 

much of the recent progress in understanding the neurobiology of 

addiction has derived from the results obtained in a variety of 

increasingly sophisticated animal models. An animal model can be 

viewed as an experimental preparation developed for the purpose of 

studying phenomena found in humans. Animal models are 

generated to study selected parts of human syndromes. The validity 

of animal models is assessed typically using three evaluation 

criteria including face, construct and predictive validity (Sanchis-

Segura and Spanagel, 2006). Face validity indicates that a model 

recapitulates important anatomical, biochemical, neuropathological 

or behavioural features of a human disease (Nestler and Hyman, 

2010). Construct or etiologic validity refers to the disease relevance 

of the methods by which a model is constructed. In the ideal 

situation, researchers would achieve construct validity by recreating 

in an animal the etiologic processes that cause a disease in humans 

and thus replicate neural and behavioural features of the illness 

(Nestler and Hyman, 2010). Predictive or pharmacological validity 

signifies that a model responds to treatments in a way that predicts 

the effects of those treatments in humans (Nestler and Hyman, 

2010). Although no animal model of addiction totally emulates the 
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human condition, critical features of the process of drug addiction 

can be reliably measured in animal studies. Different models can 

measure these specific features, such as the place conditioning 

methods and the self-administration techniques, among others 

(Sanchis-Segura and Spanagel, 2006). These experimental models 

have long been used to characterize the neurobiological substrates 

underlying the rewarding effects of drugs of abuse and the aversive 

aspects of drug withdrawal. In addition, over the last decades, some 

of them have been adapted to study some features related to drug 

relapse in human addicts (Shaham et al., 2003). Indeed, the self-

administration paradigm is considered the behavioural model with 

the highest predictive validity (O'Connor et al., 2011).  

Other behavioural techniques are also available to investigate 

responses related to the addictive processes. Thus, early work using 

the intracranial electric self-stimulation paradigm was fundamental 

for the identification of the brain reward circuitry (Olds and Milner, 

1954). Although reward self-stimulation involves widespread brain 

circuits, the most sensitive sites involve the trajectory of the medial 

forebrain bundle that connects the ventral tegmental area to the 

basal forebrain (Olds and Milner, 1954). In the intracranial electric 

self-stimulation model, animals previously implanted with 

intracranial electrodes into reward-related brain areas are trained to 

maintain an operant behaviour to obtain an electric pulse through 

these electrodes. Typically, rewarding stimuli such as drugs of 

abuse decrease the self-stimulation threshold, whereas aversive 

drugs or stimuli, such as drug withdrawal, elevate the threshold for 

self-stimulation (Markou et al., 1993). 
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The addictive behaviour studied in animal models, shows that 

the neural machinery which underlies drug seeking and taking is 

present and can become dysregulated in nonhuman animals as it 

does in humans (Vanderschuren and Ahmed, 2013). This gives the 

exciting opportunity to study the neural and genetic background of 

drug addiction in animal studies. 
 

4.5.1. Place conditioning 

 

Conditioned place preference is a procedure for assessing the 

rewarding efficacy of drugs using a classical or Pavlovian 

conditioning paradigm. In a simple version of the place preference 

paradigm, animals experience two distinct environments generally 

consisting on two initially neutral environments that can differ in 

characteristics, such as colour, texture, pattern, odour and lighting 

during three consecutive experimental phases (Fig. 4.4) and that are 

paired spatially and temporally with distinct drug and nondrug 

states.  

The distinctiveness of the environments is essential for the 

development of conditioning (Bardo and Bevins, 2000; Maldonado 

et al., 1997). After conditioning, animals are given an opportunity to 

choose to enter and explore either environment, and the time spent 

in the drug-paired environment is considered an index of the 

rewarding value of the drug. Animals exhibit a conditioned 

preference for an environment associated with drugs that produce 

pleasurable effects, which means that animals spend more time in 

the drug-paired compartment compared to the placebo-paired 
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compartment. This procedure permits to assess the rewarding 

properties of drugs. 
 

 

 
Figure 4.4. Place conditioning paradigm. Mice are placed in a box with two 
discrete chambers, or environments, and are then repeatedly injected with a drug 
in one environment and with saline in the other environment. In a drug-free state, 
the animal is allowed access to both environments, and the amount of time spent 
in each environment is recorded. A positively reinforcing effect of the drug is 
apparent if the mouse spends more time in the environment in which the drug was 
administered (place preference) than in the one in which saline was administered 
(Cami and Farre, 2003). 
 

 

A drug with rewarding properties will typically induce place 

preference, whereas a drug with aversive effects or withdrawal from 
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chronic drug administration will mainly produce place aversion. 

Although drug consumption in humans can induce conditioned 

approach/avoidance to specific drug-related stimuli, conditioned 

place preference and conditioned place aversion are not intended to 

model any particular feature of human behaviour (Sanchis-Segura 

and Spanagel, 2006). These paradigms mainly represent an indirect 

measure of the rewarding or aversive effects of a drug by measuring 

the response of the animal towards the conditioned stimulus. 
 

4.5.2. Operant drug self-administration 

 

Drugs that are self-administered by animals correspond well 

with those that have high abuse potential in human, and intravenous 

drug self-administration is a predictive animal model of abuse 

potential (Collins et al., 1984). Self-administration methods are 

considered to be the most reliable models in addiction research. The 

main advantage of this technique is that the animal self-administers 

the drug and experimenter intervention is minimal. Consequently, 

this technique is widely used in preclinical research to directly 

evaluate the primary reinforcing effects of drugs of abuse as well as 

relapse after prolonged periods of abstinence. Additionally, the 

neurochemistry and the anatomical substrates underlying drug self-

administration are assumed to be similar in these experimental 

animal models and in human addicts (Sanchis-Segura and Spanagel, 

2006). Intravenous drug self-administration has proven to be a 

powerful tool for exploring the neurobiology of drug positive 

reinforcement and this technique is widely used to determine the 
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reinforcing properties of most drugs of abuse including opioids, 

psychostimulants, cannabinoids and nicotine (Sanchis-Segura and 

Spanagel, 2006).  

For intravenous self-administration, animals are implanted 

with an intravenous catheter and trained to self-administer the drug 

in a Skinner box. The chamber is provided with an active and an 

inactive lever or nose poke. Responding on the active lever or nose 

poke will activate a pump delivering an intravenous infusion of 

drug. Active lever pressing can be paired with unconditioned 

stimuli, such as a light or a tone, which improves learning of the 

operant behaviour. Activation of the inactive lever will have no 

consequences, but will provide important control procedures for 

nonspecific motor and motivational actions, such as increases in 

exploratory activity and locomotion. Rodents on a simple schedule 

of continuous reinforcement, such as fixed ratio 1 schedule, where 

one lever-press or nose poke delivers one drug infusion, will 

develop a highly stable pattern of drug self-administration in a 

limited access situation (Maldonado et al., 1993) (Fig. 4.5). The use 

of different schedules of reinforcement in intravenous-self-

administration can provide information of the reinforcing strength 

of the drug. Under a progressive-ratio schedule, the required ratio to 

deliver a drug increases following an arithmetic progression. When 

using the latter schedule, the “breaking-point” value is commonly 

measured, which refers to the highest response rate accomplished to 

obtain a single infusion of the drug. Thus, the “breaking-point” is 

considered to be a measure of the motivation of the animal to obtain 

the drug.  
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Figure 4.5. Intravenous self-administration procedure. Animal implanted with an 
intravenous catheter in the jugular vein and trained to self-administer drug. The 
chamber is provided with two nose pokes. The number of responses in each nose 
poke will be recorded by equipment. Responses on the active nose poke will 
deliver a drug infusion and activate a light (cue), while responses of the inactive 
nose poke will have no consequences. 
 

Extinction procedures can provide measures of the 

motivational properties of drugs by assessing the persistence of 

drug-seeking behaviour in the absence of response-contingent drug 

availability. In an extinction paradigm, subjects are first trained to 

self-administer a drug until stable self-administration patterns are 

achieved, and then the drug is removed (Yan and Nabeshima, 

2009). Extinction testing sessions are identical to training sessions 

except that no drug is delivered after completion of the response 

requirement. Measures provided by an extinction paradigm reflect 

the degree of resistance to extinction, including the duration of 

extinction responding, and the total number of responses emitted 
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during the entire extinction session. Resistance to extinction and 

high responding rate on active manipulandum (especially at the 

beginning of extinction phase) are related with high motivation to 

seek the drug (Fig. 4.6). Interestingly, the resistance to extinction in 

mice is similar to the case in human addicts (Childress et al., 1985; 

Gilpin et al., 1997; McKay et al., 2001), although the possible 

mechanism(s) underlying the resistance to extinction in mice 

remains unclear (Yan and Nabeshima, 2009).  
 

 
 

Figure 4.6. A typical cue-induced reinstatement experiment. The reinstatement 
model of relapse is divided in 3 phases: acquisition of self-administration 
behaviour, extinction and reinstatement. The cartoon above depicts a typical cue-
induced reinstatement procedure (De Vries and Schoffelmeer, 2005). 
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The reinstatement model has been widely used to study 

relapse in animals. Reinstatement refers to the reinitiation of drug 

seeking in animal models after the extinction of previous drug 

administration (Shalev et al., 2002). The reinstatement model of 

relapse is divided in three experimental phases (Fig. 4.6). Initially, 

animals are trained to acquire and maintain drug self-administration 

behaviour in operant conditioning chambers. Subsequently, drug-

reinforced behaviour is extinguished by substituting the drug 

solution with saline or by disconnecting the infusion pumps. After 

the extinction of drug-reinforced behaviour, the ability of drug 

priming, drug-associated stimuli, and stress to trigger reinstatement 

of drug-seeking behaviour can be determined (Yan and Nabeshima, 

2009). Non-contingent drug injections administered after extinction 

can induce reinstatement of a drug seeking behaviour. Drug priming 

effect on reinstatement has been reported in cocaine-, heroin-, 

ethanol- and nicotine-trained animals (Chiamulera et al., 1996; Le et 

al., 1998; Self and Nestler, 1998). 

Drug-associated cues or conditioned reinforcers can be 

defined as motivational neutral stimuli, which acquire motivational 

properties through associations with a primary reinforcer. In this 

paradigm, responses on the active lever result in the presentation of 

a brief stimulus (light or tone) followed by drug infusion. This 

previously neutral stimuli can acquire conditioned reinforcing 

properties. Thus, drug associated stimuli can elicit drug-seeking 

behaviour in experimental animals. Subsequent re-exposure after 

extinction to a drug-associated stimulus produces strong recovery of 

responding at the active lever in the absence of any further drug 
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availability (Yan and Nabeshima, 2009). Cue-induced effect on 

reinstatement has been reported in cocaine-, heroin-, ethanol-, 

nicotine-, cannabinoid- and food-trained animals (De Vries and 

Schoffelmeer, 2005; Fattore et al., 2010b; Martin-Garcia et al., 

2009; Martin-Garcia et al., 2011; Soria et al., 2008).  

On the other hand, stress-induced reinstatement of drug-

seeking has been induced by intermittent footshock stimuli, restraint 

stress, pharmacological agents that induce stress (e.g. yohimbine), 

and food deprivation (Shalev et al., 2010). Animal models of stress 

reinstatement show that stressors elicit strong recovery of 

extinguished drug-seeking behaviour in the absence of further drug 

availability (Ahmed and Koob, 1997; Shaham et al., 2003; Yan and 

Nabeshima, 2009). Stress-induced reinstatement has been reported 

in cocaine-, heroin-, ethanol-, food- and nicotine-trained animals 

(Ahmed and Koob, 1997; Economidou et al., 2006; Erb et al., 1996; 

Ghitza et al., 2006; Plaza-Zabala et al., 2012; Shaham, 1996). 

It is increasingly recognised that studying drug taking in 

laboratory animals does not equate to studying genuine addiction, 

characterized by loss of control over drug use. Escalation of drug 

use is a particular hallmark stage in the transition to addiction 

(Ahmed, 2012). The escalation of cocaine intake was first 

demonstrated in rats after extended access to the self-administered 

drug (Ahmed and Koob, 1998). Consistent with these findings, rats 

with access to different concentrations of ethanol in their home 

cages increased their intake after long-term ethanol exposure with 

repeated periods of withdrawal. In addition, these animals 

developed a preference to drink higher ethanol concentrations, and 
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also showed signs of reduced sensitivity to punishment (Spanagel 

and Holter, 1999). Lately, researchers attempted to capture genuine 

aspects of addiction-like behaviour in laboratory animals showing 

the occurrence of addiction-like phenotypes resembling DSM-IV 

criteria (Deroche-Gamonet et al., 2004). Several symptoms of 

addictive behaviour have been shown to occur in laboratory 

animals, i.e., escalation of drug use, neurocognitive deficits, 

resistance to extinction, increased motivation for drugs, preference 

for drugs over nondrug rewards, and resistance to punishment 

(Belin and Deroche-Gamonet, 2012; Deroche-Gamonet et al., 

2004). 
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Objective 1 

 
To evaluate and compare the pharmacological effects of 

chronic treatment with two inverse agonists (rimonabant or 

taranabant) of CB1 receptor in diet induced obese rats. 

 

Article #1.  
Central and peripheral consequences of the chronic blockade of CB1 
cannabinoid receptor with rimonabant or taranabant. 
Martín-García* E., Burokas* A., Martín M., Berrendero F., Rubí 
B., Kiesselbach C., Smieja D., Heyne A., Gispert J.D., Millán O. 
and Maldonado R.  
 
* Equal contribution 
 

 

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.  

 
Article #2.  
Effects of chronic nicotine on food intake and anxiety-like 
behaviour in CB1 knockout mice. 
Bura* SA., Burokas* A., Martín-García* E., Maldonado R. 
 
* Equal contribution 
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Objective 3 

 
To validate an operant model of food-seeking reinstatement in 

mice and examine the pattern of food-seeking relapse when mice 

receive (1) several non-contingent food pellets (priming-induced 

reinstatement), (2) an electric footshock or an yohimbine injection 

(stress-induced reinstatement), (3) the light cue associated to the 

delivery of the food pellet (cue-induced food-seeking reinstatement) 

or (4) the combination of priming- and stress-induced reinstatement. 

 
Article #3.  
New operant model of reinstatement of food-seeking behaviour in 
mice. 
Martín-García E., Burokas A., Kostrzewa E., Gieryk A., 
Korostynski M., Przewlocka B., Ziolkowska B., Przewlocki R., 
Maldonado R. 
 

Objective 4 

 
To validate a new operant model of behavioural frustration in 

mice self-administering cocaine or a natural reward (food). After 

the completion of a high rate of responding on a progressive ratio 

schedule, unexpectedly the reward is not supplied. The 

consequences of this frustrated behaviour on operant responding, 

anxiety and aggressiveness were investigated.  

 
Article #4. 
Operant model of frustrated expected reward in mice. 
Burokas* A., Gutiérrez-Cuesta* J, Martín-García* E, Maldonado R.  
 
* Equal contribution   
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ARTICLE 1 

	  
 
 
 
 
	  
Central and peripheral consequences of the chronic blockade of CB1 

cannabinoid receptor with rimonabant or taranabant 

 
 
 
 
 
 
 
 
 

Martín-García* E., Burokas* A., Martín M., Berrendero F., 
Rubí B., Kiesselbach C., Smieja D., Heyne A., Gispert J.D., 

Millán O. and Maldonado R. 
 

Journal of Neurochemistry 112(5):1338-13351 (2010) 
 

 
 
 
 
* Equal contribution 
 

http://onlinelibrary.wiley.com/doi/10.1111/j.1471-4159.2009.06549.x/abstract;jsessionid=3C3850AC24380FCA3D3D4303C419E0C6.f02t04
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ARTICLE 2 

	  
 
 
 
 

Effects of chronic nicotine on food intake and anxiety-like 

behaviour in CB1 knockout mice 

 
 
 
 
 
 
 
 

Bura* SA., Burokas* A., Martín-García* E., Maldonado R. 
 

European Neuropsychopharmacology 20(6): 369-378 (2010) 
	  

 
 
 
 

	  
*Equal contribution 
 
 
 
This article was also presented in S. Andreea Bura’s thesis.

http://www.sciencedirect.com/science/article/pii/S0924977X10000222
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Operant model of frustrated expected reward in mice 
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Maldonado R. 
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Obesity is rapidly increasing as a worldwide health problem 

that requires a deeper knowledge of the multiple physiological 

systems involved in food intake and metabolism. The 

neurobiological mechanisms contributing to eating disorders still 

remain poorly understood. The complexity of these disorders 

demands new behavioural animal models to study different aspects 

of food intake for better understanding their etiology. This thesis 

comprises a series of investigations on specific targets of interest for 

the treatment of food eating disorders and validation of different 

animal models for the study of compulsive eating disorders. 

 

The endocannabinoid system in food intake and metabolism as a 

possible target for obesity treatment (articles 1 and 2) 

 

The need for effective treatments of obesity has become a 

major research priority. The endocannabinoid system has emerged 

as a critical pathway in the regulation of energy balance and as a 

possible therapeutic target for the treatment of obesity (Pagotto et 

al., 2006). Considering the link between CB1 cannabinoid receptors 

blockade and beneficial effects on weight loss and metabolism, the 

pharmaceutical industry begun in the late 1990s to develop orally 

bioavailable, CB1 receptor antagonists as ‘blockbuster’ obesity 

drugs (Hagmann, 2008; Henness et al., 2006; Lin et al., 2008). At a 

cost of multi-billions of US dollars, the effort supported late-stage 

clinical profiling of two first-generation CB1 receptor inverse 

agonists (rimonabant by Sanofi-Aventis and taranabant by Merck), 

culminating in the marketing of rimonabant (trade name 
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Acomplia®) in the European Union in 2006 as weight loss 

medicine and the first-in-class CB1 receptor blocker drug 

(Hagmann, 2008; Henness et al., 2006). However, unacceptable 

benefit-to-risk profiles for both rimonabant and taranabant not only 

imposed clinical limitations upon dose-ranging for optimizing their 

therapeutic efficacy, but also led to the withdrawal of rimonabant as 

a prescription medicine by the European Medicines Agency 

(EMEA) in 2008 (Aronne et al., 2011; Fong and Heymsfield, 2009; 

Janero et al., 2011; Kipnes et al., 2010). The main reason to 

withdraw rimonabant from the market was the observation of 

psychiatric complications during treatment including anxiety, 

depression and suicidal ideation (Christensen et al., 2007).  

In our study, we reported beneficial effects of chronic 

blockade of CB1 cannabinoid receptor with rimonabant or 

taranabant in diet-induced obese female rats. Both treatments 

greatly decreased body weight in rats (article 1) similarly to the 

results published in other animal models and clinical trials 

(Bergholm et al., 2013; Despres et al., 2005; Di Marzo and Matias, 

2005; Kirkham, 2008; Verty et al., 2013). Indeed, mice chronically 

treated with rimonabant (Gamble-George et al., 2013; Ward and 

Dykstra, 2005) or lacking the CB1 receptor (Bura et al., 2010; Cota 

et al., 2003c; Guegan et al., 2013; Ravinet Trillou et al., 2004) are 

leaner, have lower food-motivation and present a lower caloric 

intake than their corresponding controls. In humans, rimonabant 

administration produces a decrease in body weight, liver fat and 

improves several cardiometabolic risk factors (Bellocchio et al., 

2006; Bergholm et al., 2012). Moreover, patients taking one daily 
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dose of 20 mg of rimonabant showed a significant reduction in body 

weight, waist circumference, triglycerides, glucose tolerance, blood 

pressure, C-reactive protein and enhancement of high-density 

lipoprotein cholesterol and adiponectin (Kirilly et al., 2012). In our 

study, both taranabant and rimonabant reduced body weight gain 

and fat content in obese rats suggesting a similar efficacy on the 

central and peripheral mechanisms. However, rimonabant was more 

effective in obese than lean rats, whereas taranabant was similarly 

efficient in both groups of animals. Fat content was measured by a 

modern computed tomography imaging technique in order to follow 

evolution of the fat tissue of the same animals during the treatment 

and withdrawal. This technique has high spatial resolution and 

moderate differentiation of tissue contrast, is a fast and 

exceptionally useful method for visualizing general anatomy in vivo 

and can be used in preclinical studies to compare the evolution of a 

selected treatment using a longitudinal design. Using baseline scans 

in the longitudinal design for each animal has the advantage that 

each animal can be used as its own control, and this will greatly 

reduce the number of animals needed considering the great 

interindividual variation. The fat content evaluated by this imaging 

technique was reduced by both treatments, although taranabant had 

a stronger effect than rimonabant. 

On the other hand, food intake was reduced only at the 

beginning of chronic rimonabant and taranabant treatment. A 

similar transitory effect on food intake was also previously reported 

during chronic CB1 receptor blockade with rimonabant (Carai et al., 

2005). In the same way, adult CB1 knockout mice fed ad libitum 
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presented similar levels of food intake than wild-type littermates 

(Di Marzo et al., 2001). This transitory reduction of food intake can 

be due to the decreased CB1 receptor function found in the present 

study in hypothalamus and/or nucleus accumbens during chronic 

rimonabant and taranabant treatment. The permanent reduction of 

body fat could be explained by peripheral rimonabant actions 

different from food intake that trigger lipid mobilization pathways 

in white adipose tissue and cellular glucose uptake (Nogueiras et al., 

2008). 

Despite the positive effects of decreasing the endocannabinoid 

tone on treating obesity, several side effects were recorded in our 

study. First, an increase in food intake was observed, rapidly after 

withdrawal of rimonabant and taranabant treatment, which was 

associated with a recovery of body weight to values reached by 

vehicle treated obese rats. This increase in food intake after 

treatment withdrawal was accompanied with an enhanced functional 

activity of CB1 receptors in the hypothalamus, the main brain 

structure involved in food intake control. This could be a possible 

explanation of the rebound effect on food intake that contributes to 

the rapid recovery of body weight. Secondly, chronic blockade of 

CB1 receptors with antagonist/inverse agonist decreased binding 

and/or functional activity of central CB1 receptors. More important 

changes on CB1 receptor density and functional activity were 

revealed after chronic taranabant treatment than after chronic 

rimonabant, which could be explained by the preferential inverse 

agonist profile of taranabant (Fong et al., 2007). Indeed, the 

decrease in the functional activity obtained after rimonabant 
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treatment was lower than after taranabant, and the density of central 

CB1 receptors was decreased only after taranabant administration 

which can not be explained by drug occupancy properties as 

rimonabant occupies a higher percentage of central CB1 receptors 

after oral administration than taranabant (Fong and Heymsfield, 

2009). CB1 receptor inverse agonism results in an increase of cAMP 

levels, whereas neutral antagonists do not induce any signal 

transduction effects of their own (Lange and Kruse, 2008). 

Rimonabant was initially defined as a selective CB1 receptor 

antagonist (Pagotto et al., 2006), although it was later defined as an 

inverse agonist (Silvestri and Di Marzo, 2012; Wu et al., 2011), 

mainly when administered at high doses (Giraldo, 2010; Xie et al., 

2007).  

The adaptive changes induced by these CB1 antagonist/inverse 

agonists on CB1 receptors in the hypothalamus could be connected 

to changes on food intake after chronic taranabant treatment and 

after withdrawal of rimonabant and taranabant. In the same line, the 

presence of psychiatric side-effects after chronic rimonabant and 

taranabant administration could be explained by the changes 

produced by these antagonist/inverse agonists on CB1 receptors in 

the prefrontal cortex, hippocampus and nucleus accumbens (Akbas 

et al., 2009). These changes induced by CB1 receptor 

antagonist/inverse agonists seem to be transitory since a complete 

recovery of CB1 receptor density and functional activity appeared 6 

weeks after treatment withdrawal. Other studies have shown that 

typical first-generation CB1 receptor inverse agonists elicit 

behavioural responses in laboratory animals that can be interpreted 
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as being indicative of anxiety, depression, aberrant reactivity to 

stressors and rewarding stimuli, and defective emotional control, 

although these behavioural responses were dependent on 

environment and situational context factors (Balerio et al., 2006; 

Daza-Losada et al., 2011; Hill et al., 2010; Janero et al., 2011; 

Thiemann et al., 2009). Such negative behavioural responses to 

typical CB1 receptor inverse agonists are associated with altered 

CNS neurochemistry, including adaptive changes of CB1 receptors 

density/function and endocannabinoid concentrations in the brain 

(Aso et al., 2011; Griebel et al., 2005; Thiemann et al., 2009). Thus, 

administration of rimonabant dose dependently influenced DA 

and/or DA metabolite levels in several forebrain areas, such as 

dorsal striatum, hippocampus and frontal cortex (Jahanshahi et al., 

2011; Thiemann et al., 2009). In addition, rimonabant proved to be 

anxiogenic in the elevated T-maze and plus-maze and in the open 

field test, the first two considered to model the escape components 

of panic disorder and the latter to model generalized anxiety 

disorder (Balerio et al., 2006; File et al., 2000; Thiemann et al., 

2009). 

Recent studies have shown that centrally acting CB1 receptor 

neutral antagonists recapitulate many of the therapeutic effects of 

previous CB1 receptor inverse agonists on food intake, weight loss 

and obesity-related cardiometabolic risk factors observed in animals 

and humans, underlying the potential therapeutic relevance of these 

CB1 receptor neutral antagonists (Janero, 2012). In agreement, 

experimental animals revealed that CB1 receptor neutral antagonists 

produce less adverse events than CB1 receptor inverse agonists at 
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therapeutic doses, which suggests an improved benefit-to-risk 

profile (Janero, 2012).  

Several studies have demonstrated the physiological relevance 

of CB1 receptors in peripheral organs, namely the liver and visceral 

adipose tissue, in metabolic control. One of the better studied 

peripherally-restricted rimonabant analogues is the neutral 

antagonist AM6545, with selectivity for CB1 over CB2 receptors, 

and with limited brain penetration (Cluny et al., 2010). The 

behavioural side effects associated with central CB1 antagonism are 

not observed with this compound (Cluny et al., 2010; Limebeer et 

al., 2010). Interestingly, in mice with either diet- or genetically-

induced obesity, chronic AM6545 treatment improved several 

metabolic parameters, such as insulin sensitivity, glucose clearance, 

plasma lipid profile, adiposity, and liver steatosis (Tam et al., 2010). 

To support the idea that the observed effects are indeed due to 

peripheral action, particularly hepatic, CB1 knockout mice with 

transgenic expression of CB1 receptor in the liver were used. These 

mice developed insulin resistance when exposed to a high fat diet. 

Furthermore, chronic AM6545 treatment significantly reduced liver 

triglyceride levels, increased glucose clearance and augmented 

insulin sensitivity in these transgenic mice, but not in total CB1 

knockout mice (Tam et al., 2010). These results point to these 

peripheral CB1 receptors as a clinically relevant target for the design 

of new therapies against metabolic disorders, such as insulin 

resistance, dyslipidemia, and dyslipoproteinemia, which underlie 

and/or accompany the development of type-2 diabetes, 

atherosclerosis and life-threatening cardiovascular events (Silvestri 
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and Di Marzo, 2012). Another peripherally restricted CB1 receptor 

inverse agonist, JD5037, has been recently reported. This 

compound has anorexic effects, reduces body weight and reverses 

several parameters of the metabolic syndrome in diet-induced obese 

mice (Tam et al., 2012).  

In conclusion, our study reveals differential effects after 

chronic rimonabant and taranabant treatment in the adaptive 

changes occurring in CB1 receptors in the central nervous system. 

Chronic treatment with taranabant decreased the density and 

functional activity of CB1 receptor in the brain, whereas chronic 

rimonabant only decreased functional activity of central CB1 

receptors without modifying the density. These neurochemical 

changes were in parallel with the effects of both drugs on the 

reduction of body weight gain and total amount of fat content 

observed during chronic treatment. These results are important for a 

better understanding of the central side effects that have been 

associated to the anti-obesity drugs acting on the endocannabinoid 

system. 

The study included in the article 2 investigated the possible 

involvement of the endocannabinoid system in the consequences of 

chronic nicotine administration and withdrawal on food intake and 

metabolic parameters using CB1 knockout mice and wild-type 

littermates. For this purpose, we have used 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). 
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The first advantage of this new device consists on free-choice 

access regimes to two feeder units and two drinking units. A second 

advantage is the possibility to record food/water intake and activity 

continuously during the whole experiment with resolutions of 20 

mg per second for food/drink intake and of 0.5 cm per second for 

horizontal activity. This study confirmed that CB1 knockout mice 

exposed to a diet-induced obesity were resistant to develop 

alterations of several metabolic parameters compared to wild type 

mice in agreement with previous studies. Indeed, mutant mice 

showed lower levels of glucose, insulin and cholesterol after two 

weeks of exposure to high fat diet. On the other hand, the hedonic 

value of a sweet beverage was also different in mice lacking CB1 

receptor and they showed reduced preference for saccharine 

solution when compared with wild-type mice. 

Mice 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) to 

assess the influence of CB1 deletion and/or nicotine administration 

on feeding intake. Control groups were exposed only to standard 

chow under similar experimental conditions. Both, wild-type and 

CB1 knockout mice consumed almost exclusively high fat food, in 

agreement with other studies demonstrating that CB1 receptor 

blockade does not reduce the preference for fat food (Ward et al., 

2007). Our free-choice regimen resulted in a high fat feeding with a 

progressive gain of body weight. Despite the same preference for 

high fat diet in both genotypes, CB1 knockout mice had lower food 

intake than wild-type animals during the basal period of two weeks. 
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In comparison with our first study, rimonabant and taranabant 

reduced food intake in rats only at the beginning of the treatment.  

After two weeks of high fat diet free-choice, wild-type mice 

presented higher impairment of several metabolic parameters than 

CB1 knockout mice, such as higher plasma levels of glucose, insulin 

and cholesterol. No differences were observed between genotypes 

in the same metabolic parameters when animals were fed only with 

standard diet. The ability of CB1 receptor deletion to preserve the 

metabolic control under unbalanced diet has also been reported in 

previous studies using CB1 knockout mice fed with high fat diet 

(Pang et al., 2011; Ravinet Trillou et al., 2004). These previous 

studies also revealed that CB1 knockout mice exposed to high-fat 

diet did not develop insulin resistance and had higher leptin 

sensitivity than wild-type mice, while maintaining similar levels of 

energy intake (Ravinet Trillou et al., 2004). Moreover, chronic 

treatment with CB1 receptor antagonists/inverse agonists reduced 

leptin, insulin, glucose, triglycerides and low-density lipoprotein 

cholesterol levels in models of diet-induced obese mice (Ravinet 

Trillou et al., 2003; Tam et al., 2012). It seems that CB1 receptor is 

more implied on feeding motivational signals than on energy 

signals, although both are crucial for the regulation of food intake. 

Thus, the disruption of CB1 gene or rimonabant administration 

reduced the reinforcing effects of isocaloric palatable foods, but not 

high caloric fat foods (Guegan et al., 2013; Thornton-Jones et al., 

2005; Ward and Dykstra, 2005). In agreement, THC enhanced food 

reinforcement mainly for high palatable pellets with a moderate 

effect on high caloric pellets in a mouse operant conflict test 
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(Barbano et al., 2009). In addition, peripheral CB1 receptors play an 

important role in the regulation of adipogenesis and lipogenesis 

(Silvestri et al., 2011). The biological actions reported for CB1 

receptor activation in white adipocytes and liver are in the direction 

of maximizing fatty acid de novo biosynthesis and triglyceride 

accumulation and minimizing lipolysis (Silvestri and Di Marzo, 

2013). Our findings corroborate that the deleterious effects of the 

high fat diet on glucose, insulin and cholesterol levels were 

prevented in CB1 knockout mice confirming the interest of targeting 

the endocannabinoid system for obesity and metabolic syndrome 

treatment. 

In this study, we have also evaluated the involvement of CB1 

receptors in the metabolic effects induced by chronic nicotine 

administration and withdrawal. Previous studies have demonstrated 

that nicotine impairs metabolic parameters in physiological 

conditions, but decreases glucose levels in overweight situations 

(Bullen, 2008). Indeed, chronic nicotine administration improved 

various metabolic parameters, including blood glucose levels in 

animal models of obesity or diabetes (Liu et al., 2003; Mabley et al., 

2002). In our study, CB1 knockout mice did not present the 

decreased body weight and glucose levels induced by nicotine that 

were observed in wild-type mice exposed to high fat diet. The 

absence of nicotine effect on glucose levels in these mutants could 

be explained by the fact that CB1 knockout mice did not present 

metabolic unbalance after the hypercaloric diet and do not show 

body weight reduction after nicotine treatment. This lack of nicotine 

effect in CB1 knockout mice could also be explained by a floor 
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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.  

Interestingly, differences in saccharine preference between 

genotypes were revealed in basal conditions and after nicotine 

withdrawal, but disappeared during chronic nicotine treatment. This 

was due to the tendency of nicotine to reverse the decrease in the 

saccharine preference shown by CB1 mutant 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 (Spring et al., 2008), and several manifestations of 

anhedonia have been widely reported in CB1 knockout mice (Martin 

et al., 2002). In previous studies, a strong involvement of brain CB1 

receptors was reported in the emotional-related response (anxiety- 

and depression-like behaviours) induced by nicotine (Balerio et al., 

2006; Hayase, 2011) and stress (Riebe and Wotjak, 2011) in 

rodents. This is consistent with the overlapping distribution of CB1 

receptors and nicotinic acetylcholine receptors in some brain 

regions, which supports functional interactions between these 

receptors (Picciotto et al., 2000; Viveros et al., 2007).  

CB1 knockout 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 (Aso et al., 2009; Balerio et al., 2006; Dubreucq et al., 

2012b; Martin et al., 2002). Several mechanisms have been 

involved in these anxiety-like responses. First, the endocannabinoid 
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system plays a key role in the modulation of the hypothalamus-

pituitary-adrenal axis (Dubreucq et al., 2012a; Dubreucq et al., 

2012b; 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). Second, CB1 knockout mice have the alteration on the 

functional activity of the serotonergic system (Aso et al., 2009; 

Jahanshahi et al., 2011; Mato et al., 2007). 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 of food intake (Cota, 2008; Di Marzo 

and Matias, 2005). Interestingly, nicotine increased anxiety-like 

behaviour only in wild-type mice, but did not modify this 

behavioural response in knockout animals. Thus, the stimulatory 

effects of nicotine on the hypothalamus-pituitary-adrenal axis 

(Rohleder and Kirschbaum, 2006) could be absent in CB1 mutant 

mice because these animals already present enhanced levels of 

corticotrophin-releasing factor and adrenocorticotrophin (Heisler et 

al., 2007; Patel et al., 2004), which could explain the suppression of 

nicotine effects on anxiety. In summary, 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.  
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In summary, the endocannabinoid system has been 

demonstrated to be an essential endogenous regulator of energy 

balance and metabolism at central and peripheral levels, and these 

actions are dependent upon the endogenous activity of CB1 

receptors (Bermudez-Silva et al., 2012). Several lines of preclinical 

and clinical evidence implicate a hyperactivity of the 

endocannabinoid system in the ethiopathogenesis of obesity, which 

could be at least partially attributed to increased endocannabinoid 

biosynthesis (Di Marzo et al., 2009; Murdolo et al., 2007). Our 

results are congruent with accumulating data showing that 

hyperactivity of CB1 receptors in peripheral organs also affects 

energy balance and metabolism contributing to the visceral obesity 

and its cardiometabolic complications (Fattore et al., 2010a; Kunos 

and Tam, 2011; Quarta et al., 2011). Experimental and clinical 

evidences continue to support the interest of CB1 receptor blockade 

as a pharmacological approach for treating obesity and eating 

disorders (Janero, 2012). New endocannabinoid-based interventions 

are emerging as possible future development of therapies against 

these metabolic disorders despite the disappointment caused by the 

failure of the first-generation CB1 receptor blockers. The regulation 

of the endocannabinoid synthesis and/or degradation and the use of 

peripherally acting cannabinoid antagonists are new interesting 

strategies to regulate the endocannabinoid tone under these 

pathological conditions (Silvestri and Di Marzo, 2013). 
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New animal models to investigate eating disorders (articles 3 

and 4)  

 

Behavioural models in mice are important for elucidating the 

genetic basis and molecular mechanisms underlying multiple 

physiological responses (Granon and Changeux, 2012). Animal 

models are essential tools to investigate eating behaviours and the 

associated pathology, although development of appropriate animal 

models for eating disorders still remains challenging due to our 

limited knowledge and the ambiguous clinical diagnostic measures 

(Kim, 2012). Moreover, neuroimaging techniques are starting to 

reveal significant overlap in the brain circuitry underlying disorders 

related to rewarding behaviours, such as binge eating disorder and 

addiction (Tomasi and Volkow, 2013). Indeed, craving for palatable 

food has many similarities with drug craving and obese as well as 

lean individuals often develop addictive-like overeating behaviour 

(Alsio et al., 2012). Lose of control can result in compulsive 

consumption and it is linked with relapse to drug- or food-seeking 

behaviour after periods of withdrawal. The major concern in the 

clinical work with substance dependent patients is the prevention of 

relapse during periods of abstinence (Maldonado et al., 2011; 

Vanderplasschen et al., 2013; Vengeliene et al., 2008). In parallel, 

patients treated for obesity show high levels of relapse to overeating 

driven by craving for palatable food (Alsio et al., 2012; Byrne et al., 

2003). The neuronal mechanisms underlying reinstatement of food 

seeking overlap to some degree with those of reinstatement of drug 

seeking (Martin-Garcia et al., 2011; Nair et al., 2009; Plaza-Zabala 
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et al., 2012; Rogers et al., 2008). 

In the third study (article 3), we have validated a new operant 

model in mice to evaluate the reinstatement of extinguished 

behaviour to obtain palatable food. Importantly, the most effective 

condition to reinstate chocolate-seeking behaviour in our 

experimental conditions in mice was the exposure to the 

conditioned stimulus previously paired with palatable food 

administration. In contrast, non-contingent priming of food pellets, 

exposure to intermittent electric footshock (0.22 mA), or the 

pharmacological stressor yohimbine produced minor effects on this 

reinstatement paradigm and failed to significantly induce food-

seeking behaviour. In addition, the reinstatement of the operant 

behaviour produced a consistent down-regulation of D2 receptor 

gene in most of the limbic areas. 

Other studies also highlight the critical role played by 

environmental factors in the reinstatement of other reward related 

behaviours in mice, such as nicotine-seeking (Martin-Garcia et al., 

2009; Plaza-Zabala et al., 2013). An important aspect of overeating 

in humans is the strong influence of the environment on everyday 

food choices. Thus, social cues, time of day, availability of food, 

visual cues including size of packages, plates and containers 

influence the frequency and the size of meals (Wansink, 2010). 

Interestingly, obese individuals seem more responsive to 

environmental food cues (Braet et al., 2008), and less sensitive to 

internal cues, such as feeling full (Wansink et al., 2007). Although 

many cues stimulate food intake regardless of pleasant taste 

(Wansink and Kim, 2005), stimuli previously linked to palatable 
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food are strong inducers of food craving and subsequent food 

consumption suggesting an important role of these cues in 

addictive-like overeating (Pelchat, 1997). Studies in rodents have 

also pointed out the relevance of conditioned cues to reinstate 

drugs- (Bossert et al., 2007; Caggiula et al., 2001; Fuchs et al., 

2004; Plaza-Zabala et al., 2013) or food-seeking behaviour (Ghitza 

et al., 2007).  

In our study, cue-induced reinstatement was more effective in 

mice compared to priming and/or stress induced reinstatement. In 

contrast to rat studies (Ghitza et al., 2007), priming was not 

effective in reinstating palatable food-seeking behaviour, which 

could be influenced by the absence of food deprivation during the 

reinstatement phase in our experimental conditions in mice. Food 

restriction is considered to be stressful in rodents (Piazza and Le 

Moal, 1998) and elevates the basal levels of orexigenic feeding-

related peptides, such as prepro-hypocretin, NPY or ghrelin (Beck, 

2006; Sakurai et al., 1998; Wu and Kral, 2004). The stress induced 

by food restriction and the increased motivation for food seeking by 

hanger could have an important impact on the reinstatement test. 

The mouse strain use is another important factor since priming 

injection of cocaine (Fuchs et al., 2003) or nicotine (Martin-Garcia 

et al., 2009) fails to induce reinstatement in the C57BL/6 strain, 

whereas it was the most effective stimulus to reinstate cocaine-

seeking behaviour in outbreed mice (Soria et al., 2008).  

The exposure to electric footshock or the pharmacological 

stressor yohimbine was applied to induce reinstatement by stress. 

Yohimbine is a prototypical α-2 adrenoceptor antagonist that 
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increases brain noradrenaline release (Abercrombie et al., 1988) and 

induces stress- and anxiety-like states in both laboratory animals 

and humans (Bremner et al., 1996a, b). Yohimbine has been 

reported to induce heroin and alcohol craving in drug addicts (Stine 

et al., 2002; Umhau et al., 2011). In our study, both types of 

stressors did not reinstate palatable food-seeking behaviour. In 

agreement, electric footshock exposure has been reported to be 

selectively efficient in reinstating drug-seeking, but not food-

seeking behaviour in rodents (Ahmed and Koob, 1997; Mantsch and 

Goeders, 1999), although yohimbine reliably reinstates food-

seeking behaviour in rats (Nair et al., 2009). The apparent 

differences between the effects of footshock and yohimbine on the 

reinstatement of food seeking could be parameter dependent. Thus, 

the shock intensity used in most reinstatement studies may be high 

enough to produce sympathetic nervous system responses that 

interfere with food-seeking behaviours, However, doses of 

yohimbine that reinstate food seeking in rats induce stress without 

producing the responses that interfere with food-seeking. A recent 

study showed that footshock-induced reinstatement after extinction 

promotes a non-selective increase in both drug-seeking and food-

seeking responses when rats are given a choice between food and 

cocaine during operant training (Tunstall and Kearns, 2013). 

Previous studies showing that footshock selectively reinstates drug-

seeking versus food-seeking used separate groups of animals that 

experienced either food or cocaine, but not both at the same time. In 

contrast, this recent study used rats that had simultaneously 

experience responding for both food and cocaine (Tunstall and 
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Kearns, 2013). More research is required with different stressors 

and experimental conditions to fully understand the mechanisms 

underlying food reinstatement induced by stress. Furthermore, even 

the combination of stress and palatable food priming did not 

reinstate food-seeking behaviour in mice fed ad libitum under our 

experimental conditions suggesting that these two factors have not a 

synergetic or additive effects.  

Our operant animal model let to study the behavioural 

consequences of chronic consumption of highly palatable food and 

also the possible adaptive changes in the reward circuits. The 

mesolimbic dopaminergic circuit has been proposed to mediate drug 

reinforcement, which is modulated by hypothalamic systems, 

whereas the hypothalamus mediates food seeking and consumption 

modulated by the dopaminergic system (DiLeone et al., 2012). The 

hypothalamus is the main brain region involved in the primary 

regulation of appetite and energy homeostasis, whereas the limbic 

structures are mainly involved in the rewarding aspects of food 

intake. In our study, no changes in the expression of several 

orexigenic and anorexigenic key genes (ghrelin, POMC, orexin, 

corticotrophin-releasing hormone, brain-derived neurotrophic 

factor) were revealed in the hypothalamus of mice exposed to this 

operant behaviour to obtain palatable food.  

In our study, a down-regulation of D2 receptor gene 

expression was found in the dorsal striatum and nucleus accumbens 

after cue-induced reinstatement, whereas no changes in D1 receptor 

expression were detected. These changes were not due to the 

exposure to the palatable food since they were absent in mice that 
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received this kind of food contingently or non-contingently. 

Decreased levels of D2 DA receptors have been previously 

identified after repeated morphine (Georges et al., 1999; 

Przewlocka and Lason, 1995) or sucrose exposure (Bello et al., 

2002). DA plays a crucial role in the reward circuits that are 

activated by both food and drugs of abuse (Pelchat, 2009). 

Therefore, chronic consumption of highly palatable foods can 

contribute to promote adaptive changes in the reward circuits that 

share similarities to those produced by drugs of abuse. In humans, 

several studies have revealed that obese people showed decreased 

activity of D2 DA receptors in striatum similarly to cocaine addicts 

or alcoholics (Volkow et al., 2013). Knockdown of striatal D2 

receptors promotes in rats the development of addiction-like reward 

deficits an the onset of compulsive-like food seeking with extended 

access to palatable high fat food (Johnson and Kenny, 2010). In 

agreement, higher vulnerability to substance dependence disorders 

has been reported in individuals with a specific polymorphism of 

the DRD2-ANKK1 gene locus (Stice et al., 2008a) that results in 

decreased striatal D2 receptor expression. This decreased striatal D2 

receptor expression can produce deficits in reward processing that 

may be an important risk factor for the development of obesity and 

obese individuals may compulsively consume palatable foods to 

compensate this reward hyposensitivity. However, it is not clear if 

this is the cause or the consequence of the disorder because it has 

been unclear if such reward hyposensitivity in obese individuals is 

manifested before the development of obesity. Furthermore, it has 

not been yet clarified if this reward deficit related solely to genetic 
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factors (“reward deficiency syndrome”) or if overeating can cause 

disruption in reward processing.  

One important advantage of the new validated operant model 

of reinstatement to palatable food-seeking in mice is its possible use 

to examine the neurobiological mechanisms of food-taking habits 

by using genetically modified mice and selected candidate gene 

approaches in future studies. Besides, specific changes were 

identified in the mesolimbic areas and the hypothalamus during the 

acquisition, extinction, and reinstatement of this operant behaviour 

directed to obtain palatable food. These changes on gene expression 

were produced by the operant responding in the brain regions 

involved in the control of motivation and reward, such as the 

nucleus accumbens and the ventral tegmental area.  

In the fourth study (article 4), we have validated for the first 

time a new operant model in mice to evaluate the frustration 

produced by the unexpected absence of a highly desired 

reinforcement in a situation where it had previously been presented. 

The rewarding stimulus omitted was either a natural reinforcement 

(palatable food) or a substance of abuse (cocaine.) The main results 

of this study are summarized as follows: (i) Frustration derived 

from the omission of the signalled reinforcement produced 

perseveration in the operant responding when the rewarding 

stimulus was either chocolate or cocaine. (ii) Increased 

aggressiveness was observed in the resident-intruder test after 

frustration when the rewarding stimulus was either chocolate or 

cocaine. (iii) Higher cue-induced reinstatement was revealed after 

frustration only when the rewarding stimulus omitted was cocaine.  
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During operant training, the reinforcement schedules (fixed 

ratio 5 for palatable food or 3 for cocaine) were increased in order 

to facilitate the control of the conditioned stimulus over operant 

behaviour and to consolidate the operant training after acquisition 

with the continuous reinforcement schedules. Then, a progressive 

ratio schedule with an elevated end-point of reinforcement was 

applied to maximise the effort requested to obtain the reward and to 

promote specific behavioural consequences after the frustrated 

event. In this schedule, the number of responses required to receive 

a reward is increased progressively according to pre-established 

scheduled progression within one unique self-administration 

session. In the classical progressive ratio schedule, the maximal 

amount of work that the animal has to perform before cessation of 

responding defined by the breaking point is considered a reliable 

index of the motivation for the reward. To produce frustration, a fail 

to reinforce was introduced at a selected point of the sequence of 

the responding ratio. Thus, the 12th point of the progressive ratio 

sequence was chosen as an end-point 150 when the rewarding 

stimulus was palatable food, and the 8th point of the sequence as an 

end-point 40 in the case of cocaine. After performing this elevated 

number of active responding, the reward was unexpectedly absent, 

although the cue light was presented alone, the omission was 

performed in the presence of the conditioned stimulus. Therefore, 

frustration is produced in a situation that has previously been 

reinforced, even with less effort. These characteristics provide 

construct and face validity to the behavioural model of frustration.  
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In our experimental model, an increase in the number of 

operant responses and rate of responding was observed immediately 

after the frustrating event. This behavioural consequence was only 

revealed in the frustration group and was similarly observed when 

the omitted stimulus was either a natural reward (palatable food) or 

a drug (cocaine). The reinforcing effects of these different kinds of 

rewarding stimuli could promote a loss of control over repeated 

consumption (Volkow et al., 2003; Volkow et al., 2013). It confirms 

previous results of persistence of responding immediately after the 

unexpected absence of reward, which has been postulated to be a 

main consequence of the frustration reaction (Amsel, 1958; Amsel 

et al., 1964). Frustration produced a negative emotional state that 

generated a reaction of burst pattern in operant responding. This 

increase in the frequency of responding could be an early symptom 

of the later development of the compulsive behaviour, which is 

characteristic of addiction, and occurs in vulnerable individuals 

after a long period of exposure to drugs of abuse (Belin et al., 

2009). Addictive behaviour involves a disruption in cognitive 

flexibility, which consists in the inability to stop responding to 

stimuli that have previously predicted the availability of reward or 

punishment (Stalnaker et al., 2009). This incapability to cope with a 

new situation might underlie perseverating and compulsive 

behaviour (Kelley, 2004).  

Mice exposed to the frustration event also showed an 

enhanced aggressive behaviour in the resident-intruder test. 

Aggressiveness is a well-known consequence of frustration in 

humans. Thus, increased aggressiveness-related feelings have been 
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shown among volunteers of experiments who underwent a 

frustration-induction procedure (Henna et al., 2008; Nummenmaa 

and Niemi, 2004). In animals, an enhanced aggressiveness was 

previously described in pigeons, pigs, rats and mice after operant 

reward extinction. (Azrin et al., 1966; Dantzer et al., 1980; de 

Almeida and Miczek, 2002; Gray et al., 1977; Louis et al., 2006). 

The enhanced aggressive behaviour found in these models after 

extinction might occur in most of individuals because could be 

typical of non-pathological behaviour. However, the novelty and 

reliability of the present model is that frustration is produced after 

increasing the effort required to obtain the reward and could be 

specific in detecting aggressiveness only in vulnerable individuals 

with low frustration tolerance. A recent study showed that omission 

of an expected reward in fishes produced higher levels of 

aggression compared to control groups demonstrating that fishes, 

like mammals, respond aggressively to this frustration (Vindas et 

al., 2012). High levels of aggression as a consequence of omission 

of an expected reward may be explained in two different ways 

(Vindas et al., 2012): (i) Invigorating appetitive behaviour, as the 

expectation for the reward increases, dominant individuals will 

attempt to hold their positions to maintain their preferential access 

to a natural reward, this in turn will create a stronger hierarchy in 

which there will be a more uneven distribution of resources 

(Carlstead, 1986). (ii) Displaced aggression, aggression is directed 

towards an object or individual, which is not the source of 

provocation (Marcus-Newhall et al., 2000). Individuals 

experiencing a stressful situation that they cannot cope with may 
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decrease their own stress response by attacking a lower-rank 

individual, and in this way, gain control over the situation. In 

frustration experiments, animals accompanied by conspecifics 

displayed increased acts of aggression towards each other as a 

coping mechanism against frustration (Dantzer et al., 1980). 

However, this enhanced aggressiveness was not found in animals 

that were not exposed to the conditioned stimulus after operant 

responding. Another negative emotional state, anxiety-like 

behaviour was not observed in our experimental conditions after 

frustrated expected reward, as it is commonly observed in humans 

under frustrated conditions (Bowman and Dodge, 2013). This 

negative result can be due to the use of the light-dark box test, 

which could be not sensitive enough to detect moderate signs of 

anxiety after one frustrated event. 

The frustrated absence of reward produces perseverative 

operant responding that is driven by the cue light used as 

conditioned stimulus associated with the reward. This unexpected 

lack of reinforcement has been widely reported to increase 

perseveration and resistance to extinction in both humans (Eaglen 

and Mackenzie, 1981; Nation and Woods, 1980) and animals 

(Martin-Garcia et al., 2011). Extinction produced after continuous 

reinforcement has lower duration of perseveration over the time 

(Martin-Garcia et al., 2011). In contrast, variable schedules produce 

higher rates and greater resistance to extinction than most fixed 

schedules. In variable ratio schedules, the number of responses 

necessary to produce reinforcement varies from trial to trial. Real-

world example is the behaviour of gamblers at slot machines 
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because, though the probability of wining the prize is constant, the 

number of lever presses needed is variable. Progressive ratio can be 

considered as a variable ratio schedule with the additional 

characteristic that the number of responses to produce 

reinforcement not only varies from trial to trial, it also increases. In 

our experimental conditions, it was important to use a progressive 

ratio schedule in which the number of responses necessary to 

produce reinforcement does not increase excessively from trial to 

trial and does not have an extreme end point. Using this procedure, 

we obtained a perseverant behaviour avoiding that mice reach its 

real breaking point that produces extinction, the objective of 

classical progressive ratio schedules. 

The responses not reinforced during the progressive ratio 

schedule do not have relevant frustrating consequences, as they 

were not signalled with the cue light. In agreement, the group 

exposed to a despair-like situation that did not receive neither the 

cue light nor the reward, did not show the behavioural consequences 

of the frustrating responses. The behavioural consequences of the 

frustrated expected reward are minimized without the exposure to 

such a conditioned stimulus, as revealed by the absence of 

significant behavioural manifestations in the despair group exposed 

to extinction-like conditions in our paradigm. In addition, the 

maximized effort requested to the mice before the unexpected 

reward delivery, together with the presence of the conditioned 

stimulus, ensures the high value and expectancy of the reward, 

providing the optimal conditions to reveal specific behavioural 

consequences of the frustrated event. Therefore, it is possible to 
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differentiate the behavioural consequences of the frustrated 

expected reward from the effects produced by an extinction-like 

procedure that is mimicked in the despair group by applying these 

novel experimental conditions.  

Different long-term behavioural responses to frustrated 

expected reward between cocaine and palatable food groups were 

revealed despite the similar responses observed in short terms. 

Indeed, the facilitation of cue-induced reinstatement after extinction 

was revealed in our paradigm only when the omitted stimulus was 

cocaine but not the natural reward. This result reveals a negative 

consequence of the frustration in cocaine seeking behaviour 

suggesting that the effects of frustration in relapse depend on the 

characteristics of the reinforcer. One important characteristic of the 

reinforcer is the magnitude and duration of increases in DA induced 

in the nucleus accumbens (Di Chiara et al., 2004; Volkow and 

Wise, 2005). Further studies will be needed to reveal the exact 

mechanisms underlying the different long-term effects of these two 

rewarding stimuli.  

In conclusion, this thesis includes several studies that have 

contributed to better understanding the mechanisms underlying 

eating behaviour. Articles 1 and 2 present studies on the 

involvement of the endocannabinoid system in diet-induced 

changes in eating behaviour and metabolism by the exposition of 

the animals to free-choice between highly caloric diet and standard 

chow. Different approaches (pharmacological vs genetic), species 

(rats vs mice) and sex (female vs male) were used in these two 

studies. These free-choice diet paradigms permit to investigate the 
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development of distinct signs of compulsive food taking that appear 

at an early stage. 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 

induced anxiogenic-like effects, reduced body weight and glucose 

levels in wild-type, but not in CB1 knockout animals, and the 

mutant mice showed lower preference for palatable drink only in 

the absence of nicotine. These results provide a new evidence of the 

important role played by the endocannabinoid system in the 

pharmacological responses of nicotine. Article 3 validates a novel 

operant model of reinstatement of food seeking behaviour in mice. 

This food-seeking reinstatement model is a simple, reliable, and 

valid model to study mechanisms of relapse to palatable food 

seeking as it allows to dissociate the mechanisms of relapse to food-

seeking from mechanisms of on-going food intake (Calu et al., 

2013). A more complex operant animal model was validated in 

article 4 that allows to evaluate the role of frustrated events 

produced by the absence of an expected reward in behavioural 

alterations leading to eating and addictive-like disorders.  
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The main conclusions of the work presented in this thesis can be 

summarized as follows:  

1. The chronic treatment with rimonabant and taranabant 

decreased body weight and the total amount of fat content 

after high caloric diet, whereas its withdrawal produced a 

rebound effect with a recovery of both parameters. 

Rimonabant was more effective in obese (13% of reduction) 

than lean (2% of reduction) rats, whereas taranabant was 

similarly efficacious in both groups of animals (9% vs. 6% 

of reduction respectively). In contrast, taranabant had a 

stronger effect than rimonabant in decreasing fat content in 

obese rats. 

 
2. Chronic treatment with taranabant decreased the density and 

functional activity of CB1 receptor in brain of both lean and 

obese rats. In contrast, chronic treatment with rimonabant 

only decreased functional activity of CB1 receptors in both 

groups without decreasing their density. 

 
3. The deleterious effects of the high fat diet on glucose, 

insulin and cholesterol levels were prevented in CB1 

knockout mice. 

 
4. Nicotine induced anxiogenic-like effects and reduced body 

weight and glucose levels in wild-type mice, but not in CB1 

knockout animals, and the mutant mice showed lower 

preference for palatable drink in the absence of nicotine. 

These results provide new evidence of the important role 
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played by the endocannabinoid system in the 

pharmacological responses of nicotine. 

 
5. We validated a new operant model of reinstatement to 

palatable food seeking in mice by using the cue previously 

associated with delivery of food after the extinction of this 

specific behaviour.  

 
6. Cue-induced reinstatement was more effective in mice 

compared to priming- and/or stress- induced reinstatement 

under our experimental conditions. This model provides an 

excellent tool to examine the neurobiological mechanisms of 

food-taking habits by using genetically modified mice and 

selected candidate gene approaches in future studies.  

 
7. We validated a new original operant model of frustration in 

mice after the omission of an expected natural reward or a 

drug of abuse. This model provides an excellent tool to 

reveal the behavioural consequences of a frustrated highly 

expected reward and the neurobiological mechanisms 

underlying these behavioural responses that could be crucial 

for the development of addiction.  

 
8. The short-term consequences on seeking behaviour and 

aggressiveness of the frustrated expected reward are similar 

after the omission of the natural reward or a drug of abuse. 

However, a long-term impact on the reinstatement of 

seeking behaviour was only revealed when the omitted 

stimulus was a drug of abuse.  
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Abstract  
Ecstasy is a drug that is usually consumed by young people at the 
weekends and frequently, in combination with cannabis. In the present 
study we have investigated the long-term effects of administering 
increasing doses of delta-9-tetrahydrocannabinol [THC; 2.5, 5, 10 mg/kg; 
i.p.] from postnatal day (pnd) 28 to 45, alone and/or in conjunction with 
3,4methylenedio-xymethamphetamine [MDMA; two daily doses of 10 
mg/kg every 5 days; s.c.] from pnd 30 to 45, in both male and female 
Wistar rats. When tested one day after the end of the pharmacological 
treatment (pnd 46), MDMA administration induced a reduction in directed 
exploration in the holeboard test and an increase in open-arm exploration 
in an elevated plus maze. In the long-term, cognitive functions in the 
novel object test were seen to be disrupted by THC administration to 
female but not male rats. In the prepulse inhibition test, MDMA-treated 
animals showed a decrease in prepulse inhibition at the most intense 
prepulse studied (80 dB), whereas in combination with THC it induced a 
similar decrease at 75 dB. THC decreased hippocampal Arc expression in 
both sexes, while in the frontal cortex this reduction was only evident in 
females. MDMA induced a reduction in ERK1/2 immunoreactivity in the 
frontal cortex of male but not female animals, and THC decreased prepro-
orexin mRNA levels in the hypothalamus of males, although this effect 
was prevented when the animals also received MDMA. The results 
presented indicate that adolescent exposure to THC and/or MDMA 
induces long-term, sex-dependent psychophysiological alterations and 
they reveal functional interactions between the two drugs.  

Keywords: Cannabis; Ecstasy; Adolescence; Sexual-dimorphisms; 
Cognition; Emotion  
 
Introduction  
MDMA (3,4-methylenedioxymethamphetamine) is a psychostimulant 
drug commonly known as ecstasy. This drug induces rapid release of 
serotonin and inhibition of its reuptake, as well as affecting other 
neurotransmitters, such as dopamine and norepinephrine [1,2]. It also 
produces a marked increase in metabolic activity, free radical production 
and oxidative stress [3]. The acute effects of MDMA last for 3 to 5 hours 
in humans, and they include euphoria, relaxation, an increase in 
sociability, empathy and energy [4,5]. Ecstasy users also show other 
physiological modifications, such as body temperature deregulation and 
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weight loss [6,7]. In the long-term, heavy MDMA use can lead to mood 
and cognitive problems, including impulsivity, memory deficits, anxiety 
and depression [3,8,9]. Ecstasy is a widely used recreational drug that is 
commonly consumed by teenagers and young adults [10] who self-
administer the drug at raves and dance club venues [3]. Most ecstasy users 
are polydrug users who consume MDMA at weekends in combination 
with other drugs of abuse, including cannabis [11,12]. Cannabis is the 
illicit drug most commonly used by adolescents and young adults [13,14], 
and its main psychoactive compound is delta-9-tetrahydrocannabinol 
(THC) [13]. THC mainly exerts its psychoactive effects though the 
activation of CB1 cannabinoid receptors primarily located in the central 
nervous system. CB1 receptors are most prominent during adolescence 
[19] when important rearrangements of neurotransmitter systems occur. 
Indeed, the chronic activation of CB1 receptors during adolescence has 
been reported to induce cognitive impairments and emotional alterations 
in adulthood, these resembling psychotic-like symptoms in both humans 
and animal models [15-18]. Therefore, cannabis consumption during this 
critical period, i.e. adolescence, could exert profound effects on the 
maturation and normal function of the circuits in the developing brain, the 
deleterious effects of which would be noticeable in later life [13,14].  
Polydrug use among young people is a very frequent phenomenon and it 
has increased in recent years. In particular, cannabis is the most widely 
consumed illegal co-drug in MDMA users, especially among younger 
adults [21,22]. In a recent study of college students from the East Coast of 
the United States, 98% of ecstasy users had also consumed cannabis [23]. 
The motivation for polydrug use might be influenced by 
psychophysiological aspects, since decreasing concentrations of MDMA 
in the brain can lead to dysphoric symptoms including anxiety, agitation, 
insomnia and depression. Cannabis use might be considered as an attempt 
to relieve the negative symptoms associated with the “come-down” from 
ecstasy (see [21] and [22] for review). Whatsoever, the frequent 
combination of THC and MDMA by young people is a cause of concern, 
and the impact of this combination on later adult life deserves further 
study. Previous studies have focused on the neurochemical and behavioral 
effects of the acute coadministration of THC and MDMA in adult rodents 
[24-26]. However, research on chronic exposure to this drug combination 
is very scarce and to the best of our knowledge, the only study published 
on the effects of the chronic exposure to MDMA and THC during 
adolescence refers only to male rats [27]. Sex-differences affect multiple 
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psychobiological aspects of addiction [28-31] and indeed, clinical studies 
have shown that females are more susceptible to the effects of drugs of 
abuse than males [31]. We have extensively studied sexual dimorphisms 
after chronic cannabinoid treatment during adolescence [15-17,20,28]. 
However, only a few studies have focused on sexual dimorphism of adults 
in response to MDMA [7,32,33] and not on adolescent animals. On the 
basis of our earlier findings, we designed an experimental protocol in 
which adolescent rats of both sexes were treated chronically with 
increasing doses of THC [34] and/or MDMA following a  weekend 
consumption schedule [35]. Body temperature was evaluated after the first 
and last day of MDMA administration and one day after the end of the 
pharmacological treatment, animals were tested in the holeboard test as an 
independent measure of motor activity and site-directed exploration, and 
in the elevated plus maze for the evaluation of anxiety-like responses [36]. 
As adults, the animals were also tested in the novel object recognition test 
to assess working memory [37], and with the prepulse inhibition of 
acoustic startle to evaluate attention abilities [38]. In order to correlate 
these behavioral responses with specific changes in intracellular signaling 
that may be promoted by THC and MDMA, we also measured the 
expression of the extracellular signal-regulated kinases 1 and 2 (ERK1/2), 
as well as that of the activity-regulated cytoskeletal-associated protein 
(Arc), both in the hippocampus and prefrontal cortex of these animals. 
ERK1/2 is believed to be modulated in the rat brain by chronic 
administration of THC [39] and MDMA [40], and these modifications 
have been related to changes in mood and anxiety-like behavior [41]. 
Similarly, Arc mRNA expression was modified by acute MDMA 
administration in the cortical and hippocampal regions of the rat [2], and 
this immediate early gene is translated to a cytosolic protein involved in 
synaptic plasticity, long-term potentiation and learning [42]. In addition, 
body weight was registered throughout the study, as were circulating 
levels of leptin and corticosterone, two hormones that respond to both 
cannabinoids [15,43] and MDMA [44,45]. Finally, prepro-orexin mRNA 
expression was analyzed in the hypothalamus since its expression is 
modulated by feeding [46] and these two drugs modify food intake.  
	  
Materials and methods  
All the experiments performed here were approved by the Comité de 
Experimentación Animal (CEA) de la Universidad Complutense, and they 
were designed and performed in compliance with the Royal Decree 
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1201/2005, October 21, 2005 (BOE nº 252) regarding the protection of 
experimental animals and the European Communities Council Directive 
of 24 November 1986 (86/609/EEC).  
Animals Wistar albino rats of both sexes were used in this study. 
Experiments were carried out on the offspring of rats purchased from 
Harlan Laboratories (Milan, Italy), which were mated (one male x two 
females for ten consecutive days) in our animal facilities approximately 2 
weeks after their arrival. After mating, female rats were housed 
individually and the animals were monitored daily for parturition. On the 
day of birth, postnatal day (pnd) 0, the litters were adjusted and sex 
balanced to eight pups per dam (four males and four females). At weaning 
(pnd 22), male and female rats were housed separately as pairs of sibling 
animals. A total of 128 male and female animals from 16 litters were used 
in the experiments. All the animals were maintained under constant 
conditions of temperature (22±2 ºC) and humidity (50±2 %) on a reverse 
12 h dark/light cycle (lights on at 20:00), with free access to food 
(commercial diet for rodents A04/A03; Safe, Augy, France) and water. It 
is worth mentioning that the stage of the estrous cycle was not examined 
in these studies. Given the length of the experimental protocol, we 
preferred not to perform periodic vaginal smears that would represent an 
additional source of stress to our animals and thus, might become a 
confounding factor in our study. Drug treatments Delta-9-
tetrahydrocannabinol (THC, commercialized as dronabinol) was 
purchased from THC Pharm GmbH (Frankfurt, Germany) and dispersed 
in ethanol, cremophor (Sigma-Aldrich, Spain) and saline (1:1:18) as 
described previously [15,47]. 3,4methylenedioxymethamphetamine 
(MDMA) hydrochloride was purchased from Lipomed (Arlesheim, 
Switzerland) and solutions were prepared daily in saline (0.9% NaCl). 
Drug treatments were administered only during adolescence, from pnd 28 
to pnd 45 [48]. During this period, rats received intraperitoneal injections 
of increasing doses of THC (2.5 mg/kg from pnd 28 to 34; 5 mg/kg from 
pnd 35 to 40; 10 mg/kg from pnd 41 to 45) or of the vehicle alone, 
according to a protocol slightly modified from [34]. Additionally, every 
five days, from pnd 30, the animals received two daily injections of 
MDMA (10 mg/kg, s.c., calculated as the salt) or saline (Sal), with an 
inter-dose interval of 4 h (at approximately  
10.00 and 14.00). This follows a protocol modified from Meyer et al. 
(2008) where the authors reported similarities between the model and the 
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effects of regular weekend ecstasy consumption [35]. Both drugs were 
administered at a volume of 2 ml/kg (see Fig. 1 for details).  
Body weight control Body weight (BW) was registered daily during the 
administration period, from pnd 28 to 45, and every five days thereafter, 
from pnd 50 to 70. The evolution of BW was calculated as the difference 
in BW in relation to the reference value at pnd 30. Two periods were 
considered for statistical analyses: during drug administration, 
adolescence; and as young adults once drug administration was withdrawn 
(from pnd 50 to 70). Body temperature measurements Body temperature 
was measured by placing an electronic thermocouple rectal probe RTM-1 
(Cibertec S.A., Madrid, Spain) in the rectum for 10 s. Rectal body 
temperature was measured on the first (pnd 30) and the last day (pnd 45) 
of MDMA (or Sal) administration. Body temperature was measured just 
before first MDMA (or Sal) injection, for baseline measures, and then, 
one and two hours later. Four hours later, immediately before the second 
MDMA (or saline) injection, body temperature was again registered, as 
well as one hour after. Behavioral testing Holeboard. On pnd 46, animals 
were placed in the testing room for a 30 min. habituation period. The 
holeboard consisted in a squared arena (60 cm x 60 cm x 45 cm) with 
mattepainted metallic walls, and a plastic-covered wooden floor divided 
into 36 equal squares (10 cm x 10 cm) and bearing four equally distant 
holes (3.8 cm in diameter). Animals were placed in the peripheral area of 
the arena for 5 min. under red light conditions and the animals’ behavior 
was video recorded (Sony DCR-DVD310E) for subsequent evaluation. 
Rearing frequency (number of times that the animal stood on its rear 
limbs, vertical activity), and the frequency and duration of head-dipping 
exploration were recorded (RCV, Cibertec, Madrid, Spain). Locomotor 
activity in each region of the arena was measured by video tracking the 
animals (SMART version 2.5.20, Panlab, S.L.U, Barcelona, Spain) and 
the percentage of internal ambulation was calculated as an index of 
emotionality. Three animals accidentally fell out of the arena through one 
of the holes and were thus excluded from the analysis of the holeboard 
data. Nonetheless, these animals were submitted to the elevated plus maze 
in order to match the animals’ conditions, although their behavior was not 
considered in the corresponding statistical analysis. The apparatus was 
carefully cleaned between tests on different animals with a 20% (v/v) 
ethanol solution. Elevated plus-maze. The elevated plus-maze (EPM) is 
formed by two open arms (50 cm x 10 cm) and two equally sized enclosed 
arms with 40 cm high walls, arranged so that the arms of the same type 
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are opposite one another. The junction of the four arms formed a central 
square area (10 cm x 10 cm). The apparatus was made of opaque black 
polyvinyl chloride (PVC) elevated to a height of 62 cm. On pnd 46, 
immediately after exposure to the holeboard, the animals were placed in 
the central platform of the apparatus facing one of the enclosed arms, and 
they were allowed to freely explore the maze for 5 min. under conditions 
of dim red light. Whenever an animal entered an arm with all four limbs, 
it was considered a visit, and the frequency and duration of the visits to 
the open and closed arm were recorded. Some animals fell from the plus-
maze and were excluded from the analysis. Open arm entries and the time 
spent in the open arms was calculated as a percentage of the total entries 
into the arms and the total time spent in both arms, respectively, since 
these are considered the most relevant parameters related to anxiety in this 
test. By contrast, total arm entries were considered as an index of general 
motor activity [36]. The apparatus was carefully cleaned between tests on 
different animals with a 20% (v/v) ethanol solution. Novel object test. 
The novel object test (NOT) was performed in a square arena (60 cm x 60 
cm x 45 cm) with matte-painted metallic walls and a plastic-covered 
wooden floor divided by white painted lines into 36 squares (10 cm x 10 
cm). The test was performed as described previously by [37], with some 
minor modifications [16]. Animals were allowed to freely explore the 
arena for 5 min. under dim light conditions on 5 consecutive days 
(habituation period). On the first day of habituation (pnd 70), the arena 
was used as an open field and the animals´ general activity was video 
recorded for subsequent behavioral evaluation (RCV, Cibertec, Madrid, 
Spain) and its locomotor activity was analyzed by video tracking 
(SMART, Panlab, S.L.U, Barcelona, Spain). Total ambulation and rearing 
frequency were registered, and the percentage of time spent in the internal 
area of the arena was calculated by dividing the time spent in the interior 
of the arena by the total duration of the test (5 min.), and then multiplying 
the resulting fraction by 100. On the test day (pnd 75), the rats were first 
exposed to two identical objects (two plastic boxes) until they explored 
the objects for 30 s or for a maximum period of 4 min., training session. 
Following a 4 h inter-trial interval, the rats were exposed to one of the 
previously encountered objects (familiar object, F1 or F2) and to a novel, 
unfamiliar object (metallic colored box, N) for 3 min., test session. The 
objects were not bigger than twice the size of a rat and they were located 
in contiguous corners, at a distance of 10 cm from the walls. At the 
beginning of each session, the animals were placed in the center of the 
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apparatus facing the wall opposite to the objects. For each animal, the 
position of the objects was not changed between the training and the test 
session. However, the objects’ position was changed between animals in 
order to avoid spatial preference. The apparatus and the objects were 
carefully cleaned between tests on different animals with a 20% (v/v) 
ethanol solution. Both training and test sessions were video recorded 
(Sony DCRDVD310E) and the animals’ behavior was later evaluated by 
an experienced observer by means of event-recorder software (RCV, 
Cibertec, Madrid, Spain). The time spent exploring the objects during the 
two sessions was registered, whereby exploration of an object was 
considered whenever animals pointed their nose toward an object at a 
distance ≤1 cm, while turning around, climbing and/or biting the objects 
was not considered as exploration [16, 37]. In the test session, the 
discrimination index was calculated as the difference between the time 
spent exploring the novel object (N) and the familiar one (F1 or F2) in 
relation to the total time spent exploring the objects [(N-F)/(N+F)]. 
Negative discrimination index values were transformed to zero since we 
assumed that animals exploring the familiar object longer than the novel 
one were not able to discriminate between the objects. Animals that 
explored for less than 30 s during the training session and those 
exclusively exploring only one of the objects during the test session were 
excluded from the statistical analyses. Prepulse Inhibition. The startle 
device consisted of a non-restrictive Plexiglas cage (28 cm x  
16 cm x variable height) which encloses the sensor’s platform but does 
not touch it. If the  
animal moves up or down, a transient force is developed on the platform 
and this transient force is measured at its peak, which represents the 
measure of the amplitude of the startle response. The rat’s startle 
movements were transduced using an accelerometer and the data were 
monitored through a computer by using the MONRS v2.0 software 
(Cibertec S.A., Madrid, Spain). The startle response was recorded over 
100 ms immediately following the pulse, with the startle device located in 
a constantly illuminated, sound-attenuating chamber (56 cm x 14 cm x 58 
cm) and with a loudspeaker located in the top of the chamber. On pnd 84, 
rats were placed in the startle chamber for a 5 min. habituation with 65 dB 
white background noise. The rats were then subjected to 10 startle trials 
(120 dB, 20 ms in duration), while for the prepulse inhibition (PPI) 
measurements animals were exposed to 10 blocks of five trials during 
which they were exposed to: 1) no startle stimulus (baseline activity, 65 
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dB); 2) the startle stimulus alone (120 dB, 20 ms. in duration); and 3) a 
startle stimulus occurring 100 ms. after the auditory prepulse (73, 75 or 80 
dB, 20 ms. in duration).  
The startle stimuli were presented at a variable inter-trial interval of 10 to 
20 s, which occurred in a semi-random manner with the restriction that 
each trial type had to occur in every five trial blocks. The cage was 
cleaned with a 20% ethanol solution between tests on different animals. 
The amount of PPI is expressed as the relative decrease in the amplitude 
of the startle response caused by the presentation of a prepulse and it was 
calculated according to the formula: 100 x [(startle stimulus reactivity -
startle stimulus reactivity in the presence of a prepulse)/startle stimulus 
reactivity] [38]. Animals that responded less to the startle stimulus alone 
than to the no startle stimulus in more than one block during the test 
session were excluded from the analyses. Plasma endocrine measurements 
Blood samples were collected from the tail vein shortly after drug 
withdrawal, on pnd 50, into ice-cold EDTA capillary tubes (Microvette 
CB300, Sarsted, Granollers, Spain), and from the trunk at sacrifice (pnd 
89-92), in vacuum blood collection EDTA tubes (Vacutest Plast, Kima, 
Arzergrande, Italy). The blood samples were centrifuged (3,000 rpm, 15 
min. at 4°C), the plasma obtained and stored at -30 °C until hormones 

were measured. Corticosterone was measured using a solid phase 
125

I 
radioimmunoassay (ImmuchemTM Corticosterone kit, MP Biomedicals, 
Orangeburg, NY, USA) with a detection limit of 7.7 ng/ml, and intra-
assay and inter-assay coefficients of variation less than 10%. Leptin was 
measured with an ELISA kit (B-Bridge International, Inc. Mountain 
View, CA, USA)  
according to the manufacturer’s instructions. The assay sensitivity for the 
leptin assay was 0.5  
ng/ml, with an inter-assay variation 6.5% and intra-assay variation of 
3.7%. Absorbance in each well was measured using a microplate reader 
(Tecan Infinite M200 (Grödig, Austria) and the plasma concentrations 
calculated from the standard curve. All samples were run in duplicate and 
plasma hormone concentrations were calculated from the standard curve.  
Brain processing and analysis At adulthood (pnd 89-92), animals were 
sacrificed by decapitation and their brain was rapidly extracted and 
dissected on ice. The frontal cortex, hippocampus and hypothalamus were 
obtained and stored at -80°C. Immunoblotting of the frontal cortex and 
hippocampus. Protein samples were prepared as described previously 
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[49] and they were analyzed in western blots probed with antibodies 
against ERK1/2 and phospho-ERK1/2 (Thr202/Tyr204: Sigma, Madrid, 
Spain), against Arc (Cell Signaling Technologies, Beverly, MA, USA) 
and against glyceraldehyde 3-phosphate dehydrogenase (GAPDH: Santa 
Cruz Biotechnologies, Santa Cruz, CA, USA). The blots were re-probed 
with GAPDH to ensure accurate protein loading. Optical densities of 
relevant immunoreactive bands were quantified after acquisition on a 
ChemiDoc XRS System (Bio-Rad, Hercules, CA, USA) controlled by the 
Quantity One software version 4.6.3 (Bio-Rad, Hercules, CA, USA). The 
data were expressed as the relative change in optical density with respect 
to the male or female control group, considered as 100%. Since samples 
from male and female animals were analyzed in separate blots, sex-
dependent effects could not be analyzed for these measurements. 
Quantitative real-time PCR analysis of the hypothalamus. Total RNA 
was isolated using the RNeasy Mini Kit (Qiagen® GmbH, Hilden, 
Germany), following the manufacturer's instructions, and the quality of 
the total RNA was assessed through the spectrophotometric ratio 
A260/A280 (1.9 to 2.1), while the total RNA concentration was measured 
using a  
NanoDrop™ spectrophotometer (Thermo Fisher Scientific, Wilmington, 
DE, USA). Reverse  
transcription was performed with 0.5 µg of total RNA from each animal to 
produce complementary DNA (cDNA) in a 20 µl reaction with 200 units 
of SuperScript III Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) 
and 500 ng oligo(dT)15 primers. The cDNA obtained was diluted 1:10 
and stored at -20ºC for later use. The reactions were carried out at 25°C 
for 10 min, then 50 min at 42°C and 15 min at 70°C.  
Real-time PCR was carried out on a ABI PRISM® 7700 Sequence 
Detection System (PE Applied Biosystems, Paisley, UK) using the SYBR 
Green PCR Master Mix (PE Applied Biosystems, Paisley, UK), according 
to the manufacturer’s protocol. Briefly, 4 µl of the diluted cDNA template 
was amplified with SYBR Green in a 10 µl reaction containing 2x SYBR 
Green PCR Master Mix, 0.5 µM of each primer and de-ionized water. The 
reactions were incubated at 50°C for 2 min to activate uracil N-
glycosylase, and then for 10 min at 95°C to inactivate this enzyme and 
activate the Amplitaq Gold polymerase. Subsequently, the reaction was 
subjected to 40 amplification cycles with a 15 s denaturation at 95°C, 1 
min. annealing at 60°C, a 15 s extension at 95°C and a final cooling step 
to 60ºC. The quantities of specific mRNA in the sample were measured 
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according to the corresponding gene-specific standard curve. All the 
samples were tested in triplicate and the relative expression values were 
normalized to the expression of GAPDH. Primers specific for rat prepro-
orexin (GenBank ID: NM_013179; sense, 5'-
ACCACTGCACCGAAGATACCA-3'; antisense, 5'-
GGGAAAGTTAGGACTAGGA-3') and rat GAPDH (NM_017008; 
sense, 5'-GCCAGCCTCGTCTCATAGACA-3'; antisense, 5'-
GTCCGATACGGCCAAATCC-3') were used, and the amplified products 
were separated on a 2% agarose gel and stained with ethidium bromide to 
confirm the specificity of the primers. The quantities of specific mRNA in 
the sample were measured according to the corresponding gene-specific 
standard curve. All the samples were tested in triplicate and the relative 
expression values were normalized to the expression of GAPDH. Samples 
were analyzed by the double delta CT (ΔΔCT) method and the ΔΔCT 
values were calculated as the ΔCT of each test sample (different 
pharmacological treatments) minus the mean ΔCT of the calibrator 
samples (male or female Vh-Sal – control – group) for the prepro-orexin 
gene. The fold (− ΔΔCT) change was calculated using the equation 2. 
Since the samples from male and female animals were assayed separately, 
sex-dependent effects could not be analyzed for this parameter.  
Statistical analysis Behavioral, physiological and endocrine data were 
analyzed by a three-way analysis of variance (ANOVA) with the factors 
sex (males vs. females), cannabinoid treatment (Vh vs. THC) and 
intermittent MDMA administration (Sal vs. MDMA). Due to the 
analytical limitations indicated above, the immunoblotting and PCR data 
were analyzed by two-way ANOVAs split by sex. Repeated measures 
ANOVAs were employed to analyze of the gain in body weight and 
temperature measurements. In the case of sphericity violation, a 
Greenhouse-Geisser correction was chosen to study the within-subjects 
factor effects. Additional two-way ANOVAs split by one of the 
independent factors (sex or pharmacological treatment) were performed to 
further clarify the results obtained. Normality and homocedasticity were 
assessed with Kolmogorov-Smirnov and Levene tests, respectively. When 
necessary, the data were transformed to achieve a normal distribution and 
when a normal distribution could not be achieved by transforming the 
data, the Kruskal-Wallis non-parametric test was performed. The 
frequency of events (i.e. deaths and falls from the EPM) was analyzed 
with a chi-squared test. Post hoc comparisons using the Tukey test were 
performed with a level of significance set at p < 0.05. All statistical 
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analyses were carried out with the SPSS 19.0 software package (SPSS 
Inc., Chicago, IL, USA).  
	  
Results  
Body Weight gain During drug treatment (adolescence) the rats gained 
significant body weight with age [F(2.5, 277.9) = 4579.31; p<0.001]. 
Significant sex differences were observed [F(1,110) = 276.55; p<0.001], 
with the body weight gain of males being higher than that of females, and 
there were significant effects of the two drugs employed, THC [F(1,110) 
= 102.58; p<0.001] and MDMA [F(1,110) = 98.78; p<0.001]. Moreover, a 
significant interaction between sex and MDMA administration was also 
detected [F(1,110) = 5.63; p<0.05]. Early during drug treatment (from pnd 
31), animals administered MDMA showed a reduced rate in body weight 
gain that persisted until the last day of drug administration (pnd 45) in 
both males and females. In turn, THC administration during adolescence 
decreased the growth of male and female rats, although this effect was 
only evident from pnd 35 among males, while it was evident from pnd 31 
in females. Both male and female adolescent animals treated with the 
combination of chronic THC and intermittent MDMA showed the lowest 
rate in body weight gain throughout the drug administration period (Fig. 
2, left panels). Following drug withdrawal, body weight gain still changed 
significantly with age [F(2.4, 262.2) = 2889.1; p<0.001]. In addition, 
significant effects of sex [F(1,110) = 1047.35; p<0.001] and the two drugs 
employed, THC [F(1,110) = 41.60; p<0.001] and MDMA [F(1,110) = 
12.21; p<0.01], were still observed. Adolescent THC exposure induced a 
longlasting reduction in body weight gain in male and female animals. 
However, this effect seemed to persist longer in males, an effect of THC 
on body weight gain was only observed in males at pnd 70 and not in 
females. Similarly, intermittent adolescent MDMA administration 
persistently reduced body weight in male animals (until pnd 65), whereas 
in females this drug seemed to decrease the gain in body weight only 
shortly after drug cessation (pnd 50), with this effect disappearing as these 
animals aged (Fig. 2, right panels).  
It is worth mentioning that five animals died during the present 
experiment, all of which received MDMA (two males and three females), 
and two of which were chronically administered with the vehicle alone, 
while three chronically received increasing doses of THC. The frequency 
analysis of the death rate between saline (no deaths) and MDMA 
administered animals (5 out of 64) was 7.8%, reflecting a significant 
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effect of this drug (χ
2
=5.20, p<0.05) in the absence of significant 

differences in the death rates depending upon sex or cannabinoid 
administration. Since the animals’ rearing conditions changed when the 
cage partner died, the surviving sibling animal housed in the same cage 
was also removed from the statistical analyses.  
Body temperature measurement The rats’ body temperature was analyzed 
by comparing the changes from the first (pnd 30) and last (pnd 45) days of 
MDMA administration (Fig. 3). Rectal temperature was measured just 
before the first MDMA (or Sal) injection (baseline), and then one, two and 
four hours later, as well as immediately before the second MDMA (or Sal) 
injection and one hour later. On the two days of body temperature 
measurement, rectal temperature changed significantly over the time-
points selected for the measures [pnd 30, F(3.56,391.25) = 125.43; 
p<0.001 and pnd 45, F(3.29,360.87) = 74.62; p<0.001 respectively]. On 
the first day of MDMA administration, a baseline body temperature of 
37.5 ± 0.08 ºC and 37.8 ± 0.08 ºC was recorded in male and female 
animals, respectively. On pnd 30, a significant overall effect of MDMA 
on body temperature was observed [F(1,110) = 188.29; p<0.001], together 
with a significant THC x MDMA interaction [F(1,110) = 5.11; p<0.05]. 
Further analyses revealed that MDMA significantly increased body 
temperature (i.e.: it caused hyperthermia) in both male and female 
adolescent animals [F(1,56) = 101.28; p<0.001 and F(1,54) = 87.48; 
p<0.001], whereas the significant THC x MDMA interaction was only 
evident among female animals [F(1,54) = 4.63; p<0.05]. Thus, THC 
administration seemed to counterbalance the MDMA-induced 
hyperthermia exclusively among females (Fig. 3, upper panels). On pnd 
45, significant overall effects of sex [F(1,110) = 8.13; p<0.01] and 
MDMA administration [F(1,110) = 169.82; p<0.001] were observed. 
Changes in body temperature were larger in males than females and 
MDMA administration induced a significant increase in body temperature 
(hyperthermia) on pnd 45, independently of the animal’s sex, indicating 
no habituation to this hyperthermic effect (Fig. 3, lower panels).  
Behavioral testing To facilitate the reading and comprehension of the 
behavioral results, the corresponding 3way ANOVA data have been 
included in table 1.  
Holeboard. Neither of the drugs tested here produced significant effects 
on the overall locomotor activity, i.e.: total ambulation (Table 1). 
However, THC produced a significant effect on the percentage ambulation 
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in the central region of the arena (Table 1), such that it decreased the 
distance traveled in the central zone (Table 2). By contrast, hole-directed 
explorative behavior was notably affected by MDMA administration, and 
both the frequency and time spent exploring the holes of the arena were 
significantly lower in animals that were administered this drug (see Table 
1 and 2).  
It is worth mentioning that the 3 animals that accidentally fell out of the 
arena through one of the holes came from different experimental groups: 
one male THC-MDMA, one female Vh-MDMA, and another female 
THC-Sal. Thus, this event seems not to be related to a specific drug 
treatment. Elevated plus-maze. MDMA had a significant effect on the 
closed arm entries when analyzed with the Kruskal-Wallis test (Table 1). 
MDMA reduced the number of visits to the closed arms, indicating a 
decrease in general locomotor activity. No significant differences were 
found in the number of open arm entries, although the ANOVA of the 
percentage of time spent in the open arms rendered a significant overall 
effect of sex and of MDMA. In order to confirm that this effect was 
independent from the reduced motor activity induced by the drug, we 
performed an additional analysis of the percentage of time spent in the 
open arms considering the closed arm entries as a covariate, confirming 
the effects of both factors [sex effect: F(1,80) = 4.06; p<0.05; and MDMA 
effect: F(1,80) = 4.99; p<0.05]. In summary, adolescent female rats 
explored the open arms of the maze for longer than the corresponding 
males, and MDMA administration increased the exploration time in the 
open-arms, independently of the MDMA-induced decrease in motor 
activity (Fig. 4).  
It is worth mentioning that MDMA-treated animals more often fell from 

the EPM than salinetreated animals (χ
2
=10.53, p<0.01), with 19 out of 33 

MDMA-treated animals falling from the EPM as opposed to 7 out of 56 
saline treated animals. More specifically, the 26 animals that fell off the 
maze were distributed as follows: males: Vh-Sal (2), Vh-MDMA (5), 
THC-Sal (2), and THC-MDMA (4); females: Vh-Sal (2), Vh-MDMA (3), 
THC-Sal (1), and THC-MDMA (7). Open field. In this test, a significant 
overall effect of sex was detected on total ambulation and frequency of 
rearing (Table 1), and as expected, females displayed greater motor 
activity than males (horizontal and vertical: see Table 3). In terms of the 
time spent exploring the interior of the arena, THC produced a significant 
overall effect, and there was a significant interaction between THC and 
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MDMA (Table 1). THC administration decreased the time animals spent 
exploring the central region of the open field, indicative of increased 
emotionality/anxiety. MDMA induced a similar effect that was only 
evident in vehicle-treated animals [F(1,56) = 4.20; p<0.05], possibly due 
to the low exploration of the internal zones of the arena exhibited by 
animals that had received THC.  
Novel Object Test. In the novel object test, an analysis of the 
discrimination index revealed a significant overall effect of sex, together 
with a significant interaction between sex and THC (Table 1). Additional 
analyses revealed that adolescent THC administration exclusively affected 
female animals [F(1,50) = 9.08; p<0.01] and it did not modify this 
memory index in males. In addition, object exploration during the test 
session was significantly affected by the administration of MDMA, which 
decreased the time animals spent exploring both objects (see Table 1 and 
Fig. 5). As previously indicated, we excluded from the analyses any 
animals that explored the objects for less than 30 s in the training session, 
as well as those that only explored one of the objects in the test session. A 
total of 8 animals from the following experimental groups were 
disqualified based on these criteria: males from the Vh-Sal (1), Vh-
MDMA (2), THC-Sal (1) and THC-MDMA (3) groups; females from the 
Vh-Sal (1), Vh-MDMA (1), THC-Sal (0) and THC-MDMA (2).  
Prepulse inhibition test. PPI responses to the three pre-pulse intensities 
were analyzed independently (Table 1) and for each pre-pulse intensity 
there was a significant overall effect of sex, suggesting that the 
sensorimotor gating was weaker in females than in males. A significant 
overall effect of MDMA was observed for 75 and 80 dB pre-pulse 
intensities and indeed, there was a significant interaction between THC 
and MDMA for the intermediate prepulse intensity (75 dB: Table 1). A 
more in depth analysis revealed that MDMA administration only reduced 
the percentage PPI response in animals that were also administered THC 
[F(1,52) = 8.63; p<0.01]. To summarize, adolescent MDMA 
administration significantly decreased the percentage of PPI at the highest 
pre-pulse intensity (80 dB), while following an intermediate pre-pulse 
stimulus (75 dB) this MDMA effect was only effective in reducing PPI 
response in combination with THC administration (Fig. 6). No significant 
effect of THC per se was found. Four animals (2 males Vh-MDMA and 2 
females THC-MDMA) were excluded from this analysis since they 
responded less to the startle stimulus alone than to the no startle stimulus 
in more than one block during the test session.  
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Hormone levels Plasma corticosterone. When the corticosterone levels 
were analyzed by age, a marked sexual dimorphism for this endocrine 
parameter was evident at the two time points selected [pnd 50, F(1,62) = 
66.99, p<0.001; and around pnd 90, F(1,62) = 62.11, p<0.001]. Plasma 
corticosterone levels were higher among females than males at both ages. 
While chronic THC administration during adolescence did not affect basal 
corticosterone levels in either sex, intermittent MDMA exposure 
significantly diminished long-term male corticosterone levels [F(1,32) = 
4.52; p<0.05] (Table 4). Plasma leptin. Circulating leptin levels were also 
analyzed at two different time points, in adult (around pnd 90) and in 
younger rats (pnd 50). In adult animals, there were clear sex differences in 
plasma leptin levels [F(1,53) = 25.56, p<0.001] in the absence of any 
druginduced effect, with males showing higher leptin levels than the 
corresponding females. By contrast, no effects of sex were observed 
among the younger animals (pnd 50), although at this age the statistical 
analysis revealed a residual significant effect of chronic THC 
administration [F(1,52) = 3.36, p=0.073]. Indeed, THC induced a 
significant decrease in leptin levels in females alone (p=0.05: Table 4).  
Protein expression in the frontal cortex and hippocampus Activity-
regulated cytoskeletal-associated protein (Arc). Arc immunoreactivity 
was analyzed independently in male and female animals. While no 
significant differences in Arc expression were observed in the prefrontal 
cortex of male animals, THC administration produced a significant overall 
decrease in Arc protein in the prefrontal cortex of THC-treated females 
[F(1,14) = 7.67; p<0.05]. Within the hippocampus, THC administration 
produced a significant overall decrease in Arc protein in both adult males 
[F(1,14) = 7.81; p<0.05] and females [F(1,14) = 46.38; p<0.001]. In 
addition, there was a significant overall effect of MDMA treatment 
[F(1,14) = 5.31; p<0.05], as well as a significant interaction between THC 
and MDMA [F(1,14) = 11.08; p<0.01]. Indeed, MDMA exposure 
exclusively reduced Arc immunoreactivity in THC-treated females [F(1,7) 
= 13.51; p<0.01], with this drug producing no effect of this drug in 
animals administered MDMA and the vehicle for THC alone (Fig. 7, 
upper panels). Phospho-ERK 1/2. Phospho ERK1/2 was also analyzed 
separately in male and female animals and there was a large significant 
overall reduction in phospho ERK1/2 in the prefrontal cortex of adult 
males following adolescent intermittent MDMA administration [F(1,13) = 
19.14; p<0.01] (Fig. 7, lower left panel). No changes in phospho ERK1/2 
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immunoreactivity were observed in the prefrontal cortex of females or in 
the hippocampus of either sex (Fig. 7, lower panels).  
Hypothalamic prepro-orexin mRNA expression In separate two-way 
ANOVAs performed according to sex failed no significant difference in 
hypothalamic prepro-orexin mRNA expression was observed in female 
rats, while there was a significant THC and MDMA treatment interaction 
[F(1,17)=5.07; p<0.05] among males. THC administration decreased the 
amount of prepro-orexin mRNA in the hypothalamus of animals 
[F(1,9)=12.17; p<0.01], whereas such an effect was no longer evident in 
those rats that also received MDMA (Table 5).  
	  
Discussion  
Cannabis and MDMA are among the most common illicit substances 
consumed by adolescents, yet the outcomes of the concurrent 
consumption of both substances remain unclear. Whereas a recent study 
reported behavioral effects of this combination in male rats [27], to the 
best of our knowledge this is the first study to analyze sexual dimorphisms 
directly and adopt a multidisciplinary assessment from molecular to 
behavioral, including an endocrine and metabolic analyses of the effects 
of combining these two drugs. Body weight and temperature In this study, 
THC administration during adolescence decreased the body weight gain in 
rats [15,34] and this effect appeared earlier in females than males. This 
effect may be related to the typical reduction of food intake observed after 
chronic cannabinoid administration [17], which might be secondary to the 
down-regulation of CB1 receptors observed in several brain regions, 
including the hypothalamus [50]. MDMA also reduced body weight gain 
during drug treatment, both in males and females, in agreement with 
previous studies [51]. MDMA treatment during adolescence has been 
shown to impair growth in rats [6] and mice [52], probably due to the 
anorectic effects of the drug and to the water loss by evaporation resulting 
from enhanced respiration rates [35]. The rate of body weight gain was 
lowest in male and female adolescent animals treated with the 
combination of chronic THC and intermittent MDMA throughout the drug 
administration period, suggesting that  the effect of these drugs may be 
additive. However, this  possibility was not reported in a previous study 
performed on adolescent male rats [27]. In addition, significant long-term 
effects  were still observed after drug cessation, although these long-term 
effects were sex dependent since they persisted longer in male rats which 
still displayed a decreased body weight gain on pnd 70 after THC 



Appendix 

 324 

treatment. Similarly, adolescent MDMA treatment persistently reduced 
body weight in male animals until pnd 65, whereas this treatment only 
decreased body weight gain over a shorter period (pnd 50) in females. As 
expected, MDMA caused hyperthermia on the first day of injection in 
both male and female adolescent animals (pnd 30), consistent with 
previous studies performed on adult [53] and adolescent rats [27]. By 
contrast, THC administration alone did not modify body temperature. 
Although THC has been reported to induce hypothermia in rodents, the 
effects of cannabinoids on body temperature are quite variable and may 
depend on the dose used and the ambient temperature, among other 
factors [27,54]. Interestingly, THC attenuated MDMA-induced 
hyperthermia in females during the first day of injection. Indeed, 
concurrent administration of either THC or the synthetic cannabinoid 
agonist CP 55,940 has been seen to prevent MDMA-induced 
hyperthermia [26,27]. In the present study these interactions were further 
analyzed after chronic treatment. While MDMA-induced hyperthermia 
did not develop tolerance over days, THC only counteracted the 
hyperthermic effect of MDMA on the first day of injection. Therefore, 
this putative protective effect of THC on MDMA-induced hyperthermia 
may not be representative of current human habits of consumption, which 
would be more closely modeled by chronic studies. Moreover, species 
differences could be important since THC did not attenuate MDMA-
induced hyperthermia in humans but rather, it may even enhance it [55]. 
Behavioral outcomes General activity in the holeboard was not modified 
by the different drug treatments. However, THC decreased the distance 
traveled in the interior of the arena, while hole-directed explorative 
behavior was modified by MDMA. In fact, both the frequency and the 
time spent exploring the holes were decreased by MDMA, in agreement 
with previous results [27].  
These data suggest that one day after the pharmacological treatment both 
drugs increased emotionality or anxiety in this model. By contrast, 
MDMA administration increased the openarm exploration in the EPM, 
which can be interpreted as an anxiolytic-like effect [36] or as an increase 
in risk-taking behavior [15,56]. The fact that MDMA-treated animals fell 
more often from the EPM suggests enhanced risk taking and impulsivity. 
Indeed, previous data suggests that intermittent adolescent MDMA 
exposure causes increased impulsivity in the EPM [27,35], consistent with 
the results obtained in ecstasy users [57,58]. Both, THC and MDMA 
given alone decreased the time spent exploring the central region of the 



Appendix 

 325 

open field, which further supports increased emotionality/anxiety and the 
possible enhancement of impulsivity in the EPM. Accordingly, adolescent 
MDMA administration in rats [51] and humans [59] may lead to increased 
anxiety in adulthood. Sex differences were revealed in these tests since 
adolescent female rats explored the open arms of the EPM for longer than 
males and they displayed greater motor activity in the open field, 
consistent with our previous findings [16]. In the NOT, THC 
administration during adolescence affected memory in adult female 
animals, suggesting an enhanced vulnerability of this sex to the long-term 
effects of THC on certain emotional and cognitive responses. 
Accordingly, chronic THC consumption by adolescent rats induces 
depressive-like behavior in adult female but not male rats [34]. The 
peripubertal period appears to be critical for the development of the 
endocannabinoid system and chronic cannabinoid exposure during this 
period may lead to persistent functional impairment of the 
endocannabinoid system [19,20,28]. Indeed, chronic cannabinoid 
administration during the periadolescent period induces persistent 
memory impairment in adult rats [16,18]. Moreover, chronic THC 
administration produces a long-lasting impairment of the spatial working 
memory in adult rats [60], although this alteration may not be produced 
with lower doses of THC [61]. The greater sensitivity of female 
adolescents to the deleterious effects of cannabinoid exposure is evident in 
both humans and rodents [62]. These sex differences might be related to 
baseline sex differences in the density and activity of brain CB1 receptors. 
Indeed, female rats display higher CB1 receptor-mediated G protein 
activation in the hippocampal formation than males [16], probably to 
compensate for the lower density of CB1 receptors in this brain area in 
females [63]. Gonadal hormones inducing brain sexual differentiation 
during perinatal and periadolescent periods, particularly estradiol, seems 
to be critically involved in the sexually dimorphic effects of cannabinoids 
in adults (see [20] and [62] for review). Pharmacokinetic factors may also 
be involved in these differences in response to cannabinoids since the 
cytochrome P450 responsible for cannabinoid metabolism appears to be 
sex-specific in rats, as witnessed by the preferential metabolism of THC to 
its highly active metabolite in females but not in males. In addition, THC 
is stored in fatty tissue that tends to be more prevalent in females than 
males, which may also influence the distribution and excretion of THC. 
These differences in metabolism may contribute to the more pronounced 
effects of THC in female rodents and humans [64]. The early adolescent 



Appendix 

 326 

period appears to be associated with a unique vulnerability to some of the 
adverse effects of cannabinoids. Thus, acute and chronic administration of 
the cannabinoid agonist WIN55,212-2 induced more severe cognitive and 
social behavioral disturbances in pubertal than in adult rats [65]. These 
long-term cognitive effects of adolescent cannabinoid exposure seem to 
be related to impaired synaptic function in the hippocampus [60,63]. 
Indeed, early-onset cannabis users exhibit poorer cognitive performance 
than late-onset users or control subjects [66]. Under the present 
experimental conditions, MDMA did not modify long-term cognitive 
responses in the NOT, in agreement with previous studies [51]. However, 
MDMA may be detrimental to cognition in other paradigms of working 
memory in rats [67], as well as to working memory [68] and associative 
learning [69] in current and abstinent human users. It has been suggested 
that a critical period may exist between pnd 11-20 for the long-term 
effects of MDMA on cognition [70]. The results presented here also 
indicate that general object exploration during the test session was 
impaired by MDMA treatment, which may suggest a poorer attention 
capability, consistent with the results obtained in the PPI test. Prepulse 
inhibition of the acoustic startle response has been widely used as a 
measure of sensorimotor gating and deficient PPI has been reported in 
several neuropsychiatric disorders [38]. Drugs that release serotonin, such 
as MDMA, acutely impair sensorimotor gating [71] in a dose-dependent 
manner in both sexes [32], although no effect of MDMA was reported 
after repeated intermittent administration [72]. The present results show 
that adolescent MDMA administration decreased PPI performance in 
adulthood. Therefore, adolescent animals seem to be particularly 
vulnerable to the effects of MDMA on PPI considering the negative 
results obtained with this administration schedule in adult rats [72], 
although different experimental conditions were used in these two studies. 
THC did not modify PPI in our experimental conditions, in contrast to 
previous reports showing PPI impairment in adult females after adolescent 
treatment with CP 55,940 [15], as well as in males after peripubertal 
exposure to WIN55,212-2 [17,73]. Thus, the doses of THC used here may 
not have been sufficiently high to impair PPI. At a prepulse intensity of 
75dB, MDMA was only effective in reducing PPI when combined with 
THC treatment, suggesting that THC may enhance the effects of MDMA 
and that the combination of both drugs may increase the possibility of 
developing psychiatric symptoms. An impaired PPI is observed in patients 
suffering from psychotic symptoms and personality traits that may 
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enhance drug consumption [74]. Therefore, adolescent MDMA exposure 
may increase vulnerability to develop psychiatric disorders and facilitate 
the co-abuse of other drugs. Hormone levels In agreement with previous 
studies using cannabinoid agonists [15,17], chronic THC administration 
during adolescence did not affect basal corticosterone levels in either sex. 
By contrast, adolescent intermittent MDMA exposure induced a long-term 
decrease in corticosterone levels in male rats. Previous studies reported 
that acute MDMA treatment produced a short-term dose-dependent 
increase in corticosterone levels [75], and this effect produced partial 
tolerance after two weeks of intermittent treatment [76]. A different 
protocol of daily THC administration and intermittent MDMA treatment 
every fifth day from postnatal day 35 to 60 did not provoke any effect on 
basal corticosterone levels or the corticosterone stress response [27]. 
These differences with the results of the present study might be due to the 
different experimental conditions. By contrast, elevated baseline cortisol 
and ACTH levels were revealed in experienced human ecstasy users 
compared to non-using controls [77], suggesting species differences in 
neuroendocrine reactivity to MDMA. As for the majority of the 
parameters studied, corticosterone levels showed a marked sexual 
dimorphism among control animals, with higher circulating hormone 
levels in females than in males during adolescence and adulthood, 
consistent with previous data from adult [17] and adolescent [47] rats. 
Circulating leptin levels were not significantly modified by THC or 
MDMA, although adolescent THC administration tended to decrease 
leptin levels in female animals consistent with the reduced leptin levels 
revealed in males after chronic adolescent treatment with the cannabinoid 
agonist CP 55,940 [15]. These results suggest that exposure to 
cannabinoids during the periadolescent period may reduce circulating 
leptin levels, although the extent of this effect may depend on the specific 
cannabinoid agonist, dose and administration schedule used. Previous 
studies suggested that acute MDMA administration induced a transient 
dosedependent effect on serum leptin levels [45], and this may explain the 
absence of changes in leptin levels after a long wash-out period. Sex 
differences were also revealed among adult control animals, with males 
showing higher leptin levels than the corresponding females, although no 
sex differences were observed in young animals, in accordance with 
previous studies showing higher plasma leptin levels in males than in 
females only after puberty [78].  
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Neurochemical changes Several neurochemical responses were evaluated 
to identify possible neurobiological mechanisms related to the behavioral 
changes induced in adult animals by chronic exposure to THC and/or 
MDMA. Arc immunoreactivity was first investigated, which is protein 
rapidly modulated in a synaptic activity-dependent manner [79,80]. In the 
prefrontal cortex, no significant differences in Arc were observed in male 
animals, while a decrease was evident in THC-treated females. In the 
hippocampus, adolescent THC administration decreased the accumulation 
of Arc protien in adult males and females. In addition, an interaction 
between both drugs was found in this brain structure since MDMA 
exclusively reduced Arc immunoreactivity in THC-treated females. 
Interestingly, local down-regulation of Arc protein in the hippocampus 
using antisense oligodeoxynucleotides selectively impairs the 
consolidation of spatial learning [81], pointing to a possible relationship 
between the memory deficits found in the female rats administered THC 
and MDMA, and the decrease in Arc expression. We also investigated 
phospho-ERK 1/2 immunoreactivity, which has been reported elsewhere 
to be modulated by THC [39] and MDMA [40]. Changes in ERK1/2 
phosphorylation have been associated with mood changes in animal 
models [41] and in our experimental setting, ERK1/2 signaling was down-
regulated in the frontal cortex of adult male rats exposed to MDMA 
during the adolescence, although no significant effects were observed in 
females. In MDMA treated males, ERK 1/2 changes may be related to the 
behavioral alterations found immediately after the end of the 
pharmacological treatment in the holeboard test (i.e.: a decrease in the 
frequency and time spent head-dipping, indicative of increased 
emotionality) and in the EPM, where they showed increased risk taking 
behavior. However, MDMA females showed similar short-term 
behavioral alterations in the holeboard test and in the EPM but no changes 
in their ERK1/2 expression at adulthood. It is known that estradiol exerts 
some of its neuroprotective effects by activating ERK signaling [82]. It is 
tempting to speculate that in females, this gonadal hormone restores this 
signaling system during the wash-out period between the pharmacological 
treatments administered here and the sample collection. In our hands, 
THC did not induce any significant effect on ERK1/2 signaling despite 
the fact that immediately after acute and chronic treatment with THC, an 
increase in phospho-ERK immunoreactivity has been described in 
different brain areas [39]. However, in our protocol the THC treatment 
ended long before the biochemical assays were performed and therefore, it 
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is likely that ERK1/2 signaling has been totally restored by then. In other 
words, the failure to detect a correlation in the present study may be due 
to the time that past between the behavioral and biochemical evaluations. 
Lastly, THC induced a specific decrease in hypothalamic prepro-orexin 
expression in male animals. Given that CB1R axonal immunoreactivity 
has been reported in the medial hypothalamus [83], the action of THC on 
hypothalamic CB1 receptors may have induced the down-regulation in 
preproorexin. Indeed, a recent study has demonstrated that CB1 receptor 
agonists modulate the activity of orexin/hypocretin neurons, probably by 
interacting with presynaptic CB1 receptors located on GABA terminals 
[84]. Moreover, the specific downregulation of hypothalamic prepro-
orexin found in adult males exposed to THC alone was prevented when 
these rats received both THC and MDMA during adolescence. 
Interestingly, repeated administration of another psychostimulant, 
cocaine, induces long-lasting potentiation of glutamatergic synapses on 
orexin neurons in mice [85]. A similar excitatory mechanism could 
explain the blockade of the effects induced by THC treatment on orexin 
expression when combined with intermittent MDMA treatment. No 
effects were found in females for prepro-orexin mRNA levels, which 
again suggests a neuroprotective mechanism of hypothalamic orexin 
neurons against THC-related impairments in these mice, probably in 
connection with sexual steroids.  
	  
Conclusions  
It has been suggested that acute THC and MDMA administration may 
have opposing effects on animals, although their negative effects might be 
additive when taken chronically [22]. The animal model used in this study 
mimics the current habits of human adolescent consumption and thus, it 
may provide a more reliable picture of the detrimental consequences of 
polydrug abuse than acute experiments, particularly regarding THC and 
MDMA that are frequently coabused among adolescents. Whereas there 
may be some apparent balancing of the detrimental effects of one of the 
two drugs during an initial exposure, such as in terms of body 
temperature, the opposite seem to occur in the long-term after repeated 
exposure, as seen here for body weight and the PPI response. The reported 
behavioral effects of THC and/or MDMA are possibly related to 
alterations in neurotransmitter systems that have already been shown to be 
altered after consumption of these drugs. For instance, a depletion of 
serotorinergic nerve terminals in diverse brain regions may be produced 
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by MDMA administration and this may underlie the increase in 
emotionality and risk-taking behavior, as well as the weight loss, reported 
immediately after drug cessation. In turn, the persistent changes in the 
endocannabinoid system induced by chronic THC administration may be 
related to deficits in working memory evident in female animals, and/or 
with the impairments to PPI responses. Further studies will be required to 
unravel the molecular mechanisms underlying the longterm behavioral 
effects of both drugs. Despite the experimental limitations, such as the 
application of only one schedule of drug administration, the use of only 
one dose of MDMA and increasing doses of THC, the selection of this 
animal model to mimic the current habits of human adolescent 
consumption opens new avenues for translational research in the field of 
drug consumption. In addition, the study of endocrine and neurochemical 
data in the same animal at different time points allows us to establish 
potential associations, although more additional experiments will be 
necessary to obtain evidence for causal relationships. The data presented 
revealed diverse sexual dimorphisms that are probably due to the 
organizational effects of perinatal gonadal hormones during a critical 
period of brain sexual differentiation [86], and/or to their organizational 
effects and the activation they produce during the periadolescent period 
[20,28]. A better understanding of the mechanisms underlying the 
sexually dimorphic effects of cannabinoids [20,28] and MDMA [87] will 
facilitate the development of sex-specific preventive and therapeutic 
strategies.  
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Figure legends FIGURE 1 -Timeline of the experimental design. 
Animals were exposed to increasing doses of THC (2.5, 5 and 10 mg/kg 
or vehicle, i.p.) from pnd 28 to 45, and to MDMA (10 mg/kg or saline, 
s.c.) twice daily every 5 days from pnd 30 to 45 with an inter-dose interval 
of 4 h (n= 16 animals per experimental group, see text for details). One 
day after the last drug administration, on pnd 46, the holeboard test (HB) 
was performed, immediately followed by the elevated plus maze test 
(EPM). The novel object test (NOT) was performed on pnd 75, and open-
field (OF) data obtained from the first day of habituation to the arena on 
pnd 71 was also used. The animals were submitted to the prepulse 
inhibition test (PPI) on pnd 84. Thereafter, around pnd 90 (pnd 89 -92), 
the animals were sacrificed and their brain was collected for future 
analyses. In addition, blood samples were extracted from the tail vein on 
pnd 50 for endocrine measurements, and from the trunk at sacrifice.  
 
 
 
FIGURE 2 -Evolution of body weight gain during the drug administration 
period (left panels) and following drug withdrawal (right panels). The 
animals were exposed to increasing doses of THC (2.5, 5 and 10 mg/kg or 
vehicle) from pnd 28 to 45, and to MDMA (10 mg/kg or saline) twice 
daily every 5 days from pnd 30 to 45 (see text for details). Body weight 
was registered daily during the administration period, from pnd 28 to 45, 
and every five days from pnd 50 to 70 (arrows indicate MDMA/Sal 
injections). The gain in body weight (in grams, g; mean ± S.E.M.) is 
expressed as the difference in body weight in males (upper panels) and 
females (lower panels) on each experimental day, and pnd 30 was 
established as the reference day. Number of animals per experimental 
group: males, Vh-Sal (16), Vh-MDMA (14), THC-Sal (16), THC-MDMA 
(14); and females, Vh-Sal (16), Vh-MDMA (14), THC-Sal (16), THC-
MDMA (12). According to a repeated measures ANOVA (P<0.05): (e) 
significant overall effect of THC within the same sex group; (g) 
significant MDMA effect within the same sex group.  
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FIGURE 3 -Changes in body temperature on the first (pnd 30) and last 
(pnd 45) days of MDMA administration. Animals were exposed to 
increasing doses of THC (2.5, 5 and 10 mg/kg or vehicle) from pnd 28 to 
45 and to MDMA (10 mg/kg or saline) twice daily every 5 days from pnd 
30 to 45 (see text for details). The animals’ body temperature was 
measured just before the first MDMA (or Sal) injection to establish the 
baseline, and then one, two and four hours later, the latter immediately 
before the second MDMA (or Sal) injection, as well as one hour after that 
second injection (arrows indicate MDMA/Sal injections). The figures 
show the change in rectal temperature with respect to the baseline 
temperature (mean ± S.E.M.) expressed in degrees centigrade (ºC). The 
number of animals per experimental group: males, Vh-Sal (16), Vh-
MDMA (14), THC-Sal (16), THC-MDMA (14); and females, Vh-Sal 
(16), Vh-MDMA (14), THC-Sal (16), THC-MDMA (12). According to a 
repeated measures ANOVA (P<0.05), (g) represents a significant MDMA 
effect within the same sex group.  
 
 
 
FIGURE 4 -The elevated plus maze test was performed one day after the 
last drug administration, on pnd 46, immediately after the holeboard test. 
Animals were exposed to increasing doses of THC (2.5, 5 and 10 mg/kg 
or vehicle) from pnd 28 to 45, and twice daily to MDMA (10 mg/kg or 
saline) every 5 days from pnd 30 to 45 (see text for details). Histograms 
(mean ± S.E.M.) show the percentage time spent in the open arms (left 
panel) and the frequency of the closed arm entries (right panel). Number 
of animals per experimental group: males, Vh-Sal (14), Vh-MDMA (9), 
THC-Sal (14), THC-MDMA (9); and females, Vh-Sal (14), Vh-MDMA 
(10), THC-Sal (14), THC-MDMA (5). According to the Kruskal-Wallis 
test and ANOVA (P<0.05): (a) significant overall effect of sex; (c) 
significant overall effect of MDMA treatment.  
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FIGURE 5 – The novel object test (NOT) was performed on pnd 75. 
Animals were exposed to increasing doses of THC (2.5, 5 and 10 mg/kg 
or vehicle) from pnd 28 to 45 and to MDMA (10 mg/kg or saline) twice 
daily every 5 days from pnd 30 to 45 (see text for details). The histograms 
(mean ± S.E.M.) show the discrimination index (left panel) measured as 
the difference between the time spent exploring the novel object (N) and 
the time spent exploring the familiar one (F1 or F2) in function of the total 
time spent exploring the two objects during the test session [N – F/(N + 
F)]. The time animals spent exploring both objects during the test session 
is also shown (right panel). Number of animals per experimental group: 
males, Vh-Sal (15), Vh-MDMA (12), THC-Sal (15), THC-MDMA (11); 
and females, Vh-Sal (15), Vh-MDMA (13), THC-Sal (16), THC-MDMA 
(10). According to ANOVA (P<0.05): (a) significant overall effect of sex; 
(c) significant overall effect of MDMA treatment; (e) significant overall 
effect of THC within the same sex group.  
 
 
FIGURE 6 – The prepulse inhibition test (PPI) was performed at 
adulthood, on pnd 84. Animals were exposed to increasing doses of THC 
(2.5, 5 and 10 mg/kg or vehicle) from pnd 28 to 45 and to MDMA (10 
mg/kg or saline) twice daily every 5 days from pnd 30 to 45 (see text for 
details). The histograms represent the percentage of PPI (mean ± S.E.M.) 
with three different pre-pulse intensities (73, 75 and 80 dB). Number of 
animals per experimental group: males, Vh-Sal (16), Vh-MDMA (12), 
THC-Sal (16), THC-MDMA (14); and females, Vh-Sal (16), Vh-MDMA 
(14), THC-Sal (16), THC-MDMA (10). According to ANOVA (P<0.05):  
(a) significant overall effect of sex; (c) significant overall effect of 
MDMA treatment; (f) significant MDMA effect among THC-treated 
animals.  
 
 
FIGURE 7 – Accumulation of activity-regulated cytoskeletal-associated 
protein (Arc, upper panels) and phosphorylated extracellular signal-
regulated kinase (phosphor-ERK1/2, lower panels) in the frontal cortex 
(left panels) and hippocampus (right panels) of adult animals sacrificed 
around pnd 90. Animals were exposed to increasing doses of THC (2.5, 5 
and 10 mg/kg) or vehicle from pnd 28 to 45, and to MDMA (10 mg/kg) or 
saline twice daily every 5 days from pnd 30 to 45 (see text for details). 
The histograms (mean ± S.E.M.) show the relative change in optical 
density with respect to the male or female control group. Number of 
animals per experimental group (n=4-5). According to ANOVA (P<0.05): 
(e) significant overall effect of THC within the same sex group; (f) 
significant MDMA effect among THCtreated animals; (g) significant 
MDMA effect within the same sex group.   
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Abstract 

 

Chronic stress represents a major environmental risk factor for mood 

disorders in vulnerable individuals. The neurobiological mechanisms 

underlying these psychiatric disorders involve serotonergic and 

endocannabinoid systems. In the present study, we have investigated the 

relationship between these two neurochemical systems in emotional 

control using genetic and imaging tools. CB1 cannabinoid receptors 

knockout mice (KO) and wild-type littermates (WT) were exposed to 

chronic restraint stress. Depressive-like symptoms (anhedonia and learned 

helplessness) were produced by chronic stress exposure in WT mice. CB1 

KO mice already showed these depressive-like manifestations in non-

stress conditions and the same phenotype was observed after chronic 

restraint stress. Chronic stress similarly impaired long-term memory in 

both genotypes. In addition, brain levels of serotonin transporter (5-HTT) 

were assessed using positron emission tomography (PET). Decreased 

brain 5-HTT levels were revealed in CB1 KO mice under basal conditions, 

as well as WT mice after chronic stress. Our results show that chronic 

restraint stress induced depressive-like behavioral alterations and brain 

changes in 5-HTT levels similarly to those revealed in CB1 KO mice in 

non-stressed conditions. These results underline the relevance of chronic 

environmental stress on serotonergic and endocannabinoid transmission 

for the development of depressive symptoms.  

Keywords: chronic stress, depression, CB1 receptor, serotonin transporter, 

PET, DASB. 
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Introduction 

 

Chronic stress is considered a risk factor for several psychiatric disorders, 

including depression in vulnerable individuals (de Kloet et al., 2005). 

Genetic differences predispose or protect against specific environmental 

risk factors and not all individuals exposed to chronic stress develop 

depressive-like symptoms. The interaction between environment and 

genotype for the development of psychiatric diseases is highly complex 

and animal models with face validity are excellent tools to understand 

these relationships (Hamer, 2002). The development of a valid animal 

model of depression is difficult since typical symptoms of human 

depression such as thoughts of death or suicide cannot be mimicked in 

animals (Haenisch and Bonisch, 2011). However, several models with 

high predictive value have been developed in rodents by long-term 

exposure to stress, like restraint stress, unpredictable mild stress or 

maternal separation (Willner et al., 2012).  

Genetic approaches in rodents targeting serotonergic and endocannabinoid 

systems have been widely used to investigate the role of the two 

neurochemical systems in the control of emotional behavior. The 

serotonin transporter (5-HTT) that regulates serotonin (5-HT) 

transmission is the main pharmacological target of the currently available 

antidepressant compounds and has been involved in the pathophysiology 

of major depression (Meyer et al., 2001). In agreement, 5-HTT knockout 

(KO) mice with different genetic backgrounds showed a robust 

depressive-like phenotype in multiple behavioral paradigms (Kalueff et 

al., 2010). Indeed, selective 5-HTT reuptake inhibitors are known to be 

clinically effective antidepressants (Haenisch et al., 2009; Haenisch and 

Bonisch, 2011).  

Endocannabinoid system is a major neuromodulator system and has also 

been involved in the patophysiology of emotional disorders (Moreira and 
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Lutz, 2008). The pharmacological and genetic blockade of the CB1 

cannabinoid receptor induces a phenotype analogous to human depression 

in several behavioral paradigms in rodents (Hill and Gorzalka, 2005; Aso 

et al., 2008; Aso et al., 2009). Indeed, CB1 KO mice exhibit depressive-

like symptoms, such as reduced responsiveness to reward stimuli 

(Sanchis-Segura et al., 2004; Maldonado et al., 2006), altered 

neurovegetative functions (Cota et al., 2003), deficits in extinction of 

aversive memories (Marsicano et al., 2002; Aso et al., 2009) and 

enhanced sensitivity to stress (Martin et al., 2002; Aso et al., 2008). In 

addition, the absence of CB1 cannabinoid receptor activity has been found 

to impair serotonergic negative feedback which could account for the 

depressive-like phenotype exhibited by CB1 KO mice (Aso et al., 2009). 

Positron emission tomography (PET) provides quantitative measurements 

of the spatial and temporal distributions of radiolabeled molecules within 

living subjects (Tai et al., 2005). In this way, the animal dedicated PET 

systems enable the in vivo quantification of neurotransmission systems in 

animal models of psychiatric disorders. In this study, we have used 

microPET imaging with the radiotracer [11C]-DASB – a highly selective 

5-HTT tracer (Hoekzema et al., 2011) – to quantify in vivo the 5-HTT 

availability in wild type and CB1 KO mice after chronic stress exposure in 

order to further understand the relationships between these two 

neurochemical systems in the depressive-like phenotype induced by the 

disruption of CB1 cannabinoid receptor activity.  

 
Materials and methods 
Animals 

All the experiments were carried out in male CB1 KO mice and wild-type 

(WT) littermates 8–12 weeks old at the beginning of the experiments. The 

generation of mice lacking CB1 cannabinoid receptor was described 

previously (Ledent et al., 1999). To homogenize the genetic background 
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of mice, the first generation heterozygous was bred for 30 generations on 

a CD1 background, with selection for the mutant CB1 gene at each 

generation. Beginning with the 30th generation backcrossing mice, 

heterozygote–heterozygote mating of CB1 KO mice produced WT and 

KO littermates for subsequent experiments. All animals used in a given 

experiment were matched for age and weight. Mice were housed five per 

cage in a temperature (21 ± 1 ºC) and humidity (55 ± 10%) controlled 

room with a 12:12 hours light/dark cycle (light between 08:00 and 20:00 

hours) with food and water ad libitum. Animal procedures were conducted 

according to standard ethical guidelines (European Communities Council 

Directive 86/609/EEC) and approved by the Local Ethical Committee 

(CEEA-PRBB). All the experiments were performed under blind 

conditions.  

 

Chronic restraint stress  

WT and CB1 KO mice were subjected to restraint stress by placing them 

in well-ventilated polypropylene tubes (internal diameter 2.7 cm, length 

11.5 cm) (Haenisch et al., 2009). The duration of the procedure was 4 h 

daily for 6 weeks (Fig. 1). During immobilization, stressed mice did not 

have access to food and water. Control WT and CB1 KO mice not 

exposed to stress were maintained in a different experimental room.  

 

Food intake and sucrose preference 

Mice were subjected to a 24 h session per week in monitoring boxes that 

registered food and drink consumption during the whole experimental 

sequence (Fig. 1). Mice had access to standard chow and a free choice 

between water or sucrose solution 1%. Thus, anhedonic state was 

measured through preference for sucrose solution 1% versus water. No 

food or water deprivation was applied before the test and mice were 

replaced in their home cage after each session. The system of monitoring 
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boxes have been recently developed in our laboratory in collaboration 

with Harvard Instruments (http://www.panlab.com/panlabWeb/Hardware 

/php/displayHard.php?campo=Metabolism&nameHard=PHECOMP). 

This system 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 (Bura et al. 2010).  

 

Tail suspension test 

Mice were exposed to the tail suspension test (TST) (Steru et al., 1985) on 

the third week of stress exposure (Fig. 1). The test was performed 24 h 

after the last restraint stress session. Mice were individually suspended by 

1 cm adhesive tape from the tip of the tail 50 cm above a bench top for a 6 

min period. The time that the animal was totally inactive during this 

period was recorded. Increased time of inactivity indicated enhanced 

levels of learned helplessness, a sign of depressive-like behavior. 

 

Forced swimming test 

Mice were individually placed into a transparent glass cylinder (20 cm 

diameter) filled with warm water (25-26 ºC) to perform the forced 

swimming test (Porsolt et al., 1977) on the fourth week of stress exposure 

(Fig. 1). The test was performed 24 h after the last restraint stress session. 

The waterline was 20 cm above the cylinder bottom and the cylinder top 

was 15 cm above the waterline. Immobility was defined as making only 

those movements necessary to keep the head above water. Immobility was 

measured during the last 4 min of a 6 min test session. The test was 

performed 24 h after the last restraint stress session. Increased time of 

immobility in the forced swimming test (FST) indicated enhanced levels 

of learned helplessness, a sign of depressive-like behavior. 
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Object-recognition test  

Long term memory was measured on the fifth week of stress exposure 

using the object-recognition test (ORT) (Fig. 1), a cognitive task 

depending on hippocampal function. On the first day, mice were 

habituated for 9 min to the V-maze in which the task was performed, as 

previously described (Puighermanal et al., 2009). On the second day, mice 

were put back in the maze for 9 min, two identical objects were presented 

and the time that the mice spent exploring each object was recorded. The 

mice were again placed in the maze 24 h later for 9 min, one of the 

familiar objects was replaced with a novel object and the total time spent 

exploring each of the two objects (novel and familiar) was computed. 

Object exploration was defined as the orientation of the nose to the object 

at a distance of less than 2 cm. A discrimination index was calculated as 

the difference between the time spent exploring either the novel or 

familiar object divided by the total time exploring the two objects. An 

elevated discrimination index is considered to reflect improved memory 

retention for the familiar object.  

 

Radiochemistry 

The synthesis was carried out as previously described (Hoekzema et al., 

2011). N-Methyl-2-(2-amino-4-cyanophenylthio)-benzylamine (des-

methyl precursor for [11C]-DASB) and N,N-Dimethyl-2-(2-amino-4-

cyanophenylthio)-benzylamine (Reference standard for [11C]-DASB) 

were obtained from Advanced Biochemical Compounds (ABX, Radeberg, 

Germany). [11C]N,N-Dimethyl-2-(2-amino-4-cyanophenylthio) ben-

zylamine (DASB) was synthesized by a methylation reaction using 

[11C]–CH3I. Briefly, [11C]CO2 was generated in an IBA Cyclone 18/9 

cyclotron by bombardment of a gas N2/O2 (99.5/0.5) mixture with 

18MeV protons. Formation of [11C]CH3I was carried out in a Bioscan 

Methylation Module by reduction of [11C]CO2 in presence of Lithium 
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Aluminum Hydride (300 µL, 0.1M solution in dry tetrahydrofuran (THF), 

ABX) and distillation after solvent evaporation and addition of hydriodic 

acid (300 µL, 57% aqueous solution, ABX). [11C]CH3I was trapped in a 

2 mL stainless steel HPLC loop precharged with a solution of 1 mg of 

precursor in 100 µL dimethylsulfoxide. After complete trapping of 

[11C]CH3I, the reaction was allowed to occur for 6 min at room 

temperature. The reaction mixture was purified by means of HPLC using 

a RP-C18 column (Mediterranea Sea18, 9.6 mm×250 mm, 5 µm particle 

size). Purified fraction was collected in a 40 mL vial pre-charged with 20 

mL of physiologic saline solution. The resulting mixture was passed 

through a C-18 cartridge (Sep-Pak plus, Waters) to retain the labeled 

compound. The radiotracer was eluted with ethanol (2 mL) and collected 

into a sterile 10 mL vial. The solution was evaporated to dryness during 3 

min at 40 °C under continuous nitrogen flow. The residue was 

reconstituted with 10 mL of physiologic saline solution. The final solution 

was submitted to quality control. Chemical and radiochemical purity was 

measured by means of HPLC. In both cases, the chromatography was 

performed using a RP-C18 column (Mediterranea Sea18, 4.6 mm×150 

mm, 5 µm particle size). The radiochemical and chemical purity was over 

95% and the mean specific activity was of 47.17 GBq/µmol.  

 

PET 

Animals were anesthetized with isoflurane vaporized in O2 at a 

concentration of 4% and received a dose of 14.8 MBq of [11C]-DASB in 

the lateral tail veins. Just after injection, animals were placed in the 

scanner (microPET R4; Concorde, Siemens, Knoxville, TN, USA) to 

proceed with data acquisition. Anesthesia was maintained through the 

whole acquisition with a facial mask and data were acquired for 90 min. 

Data were corrected for decay and nonuniformities and reconstructed 

using a filtered back projection algorithm with a matrix size of 
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128×128×63 and a voxel size of 0.84×0.84×1.21 mm. No attenuation or 

scatter correction was applied. Volumes of interest were manually 

delineated for brain and cerebellum that acts as a reference region. Time 

activity curves were obtained to determine the time of pseudoequilibrium 

for this radiotracer in mice. 

 

Binding of [11C]-DASB  

Animals were anesthetized with isoflurane vaporized in O2 at a 

concentration of 4% and received a dose of 7.3±2.6 MBq of [11C]-DASB 

in the lateral tail veins. Animals were sacrificed, after 30 min that is the 

pseudoequilibrium time determined by the PET study. Anesthesia was 

continuously maintained during all the experiment with isoflurane at a 

concentration of 1.5% in O2. After sacrifice, brains were quickly removed 

and cerebral cortices, midbrain and cerebellum were separated. The 

samples were weighted and counted in a multi well gamma counter 

Wizard 1470 from Perkin Elmer. The obtained counts were corrected for 

decay and sample mass to obtain the radioactive concentration at the 

injection time. Finally, the values from cerebral cortex and midbrain were 

normalized for the cerebellum that acts as reference region. 

 

Statistical analyses 

The distribution of data was checked with the Kolmogorov-Smirnov 

normality test and all variables followed a normal distribution. Two-way 

ANOVA with genotype (WT, CB1 KO) and stress exposure (controls, 

stress) as between-subjects factors was used. For time course data, three-

way ANOVA of repeated-measures with genotype (WT, CB1 KO) and 

stress exposure (controls, stress) as between-subjects factors and time as 

within-subject factor was used. Multiple-group comparisons using post-

hoc analyses (Fisher LSD) were used when interactions between main 

variables were found significant. Data of sucrose preference was also 
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analyzed by calculating the value of the area under the curve (AUC). 

Differences were considered significant at p < 0.05. Results are expressed 

as mean ± S.E.M. The statistical analysis was performed using the 

Statistical Package for Social Science program SPSS® 15.0 (SPSS Inc, 

Chicago, USA). 

 

Results 

Body weight 

Body weight changes during the 6 weeks of chronic restraint stress are 

represented in Fig. 2a. Percentage of change of BW with respect to the 

basal level was calculated according to the following formula: [((final 

body weight -basal body weight)×100)/basal body weight]. Three-way 

ANOVA of repeated-measures revealed significant main effects of stress 

[F(1,25) = 75.448; p < 0.001] and week [F(5,25) = 8.478; p < 0.001] 

without main effect of genotype [F(1,25) =0.085; n.s], nor interaction 

among the three factors [F(5,25) = 2.201; n.s]. Indeed, the percentage of 

body weight change was affected by stress in both genotypes and both 

reduced their body weight relative to basal levels during stress exposure.  

 

Food intake 

Food intake was measured once per week during 24h on basal conditions 

and during five weeks of chronic restraint stress (Fig. 2b). Three-way 

ANOVA of repeated-measures revealed significant main effect of 

genotype [F(1,22) = 26.359; p < 0.001], week [F(5,22) = 3.947; p < 0.001] 

and interaction between both factors [F(5,22) = 4.705; p < 0.01]. No 

effects of stress [F(1,22) = 1.280; n.s] nor interaction among the three 

factors [F(5,22) = 0.806; n.s] were revealed.  

 

 

 



Appendix 

 361 

Preference for sucrose solution 

Three-way ANOVA of repeated-measures revealed significant main effect 

of genotype [F(1,22) = 7.703; p < 0.05], stress [F(1,22) = 8.399; p < 0.01], 

week [F(5,22) = 2.893; p < 0.05], interaction between genotype and stress 

[F(1,22) = 5.012; p < 0.01], without interaction among the three factors 

[F(5,22) = 0.890; n.s]. Exposure to chronic restraint stress decreased 

preference for sucrose in stressed groups of both genotypes (Fig. 2c). 

Two-way ANOVA of AUC revealed significant main effects of stress 

[F(1,22) = 9.145; p < 0.01], genotype [F(1,22) = 5.471; p < 0.05] and 

interaction between both factors [F(1,22) = 6.017; p < 0.05]. Fisher LSD 

post-hoc test showed lower preference for sucrose solution in KO controls 

(p < 0.01), WT stressed (p < 0.01) and CB1 KO stressed mice (p < 0.01) 

than in WT controls. These results confirm the effects of stress on 

producing anhedonia and the susceptibility of the CB1 KO in expressing 

depressive-like symptoms in basal conditions.  

 

Tail suspension test 

Immobility time in the tail suspension test was measured after three weeks 

of chronic restraint stress as desperate helplessness symptom. Two-way 

ANOVA revealed significant main effect of stress [F(1,26) = 5.082; p < 

0.01] and genotype [F(1,26) = 33.443; p < 0.001] without interaction 

between both factors [F(1,26) = 0.273; n.s]. Thus, CB1 KO mice showed 

depressive-like behavior in non-stress conditions and also after chronic 

restraint stress while WT mice only showed the depressive-like after 

chronic restraint stress (Fig. 3a). 

 

Forced swimming test 

The results obtained in the forced swimming test, after four weeks of 

repeated chronic restraint stress were parallel to those found in the tail 

suspension test. Two-way ANOVA revealed significant main effect of 
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stress [F(1,24) = 18.731; p < 0.001] and genotype [F(1,24) = 28.368; p < 

0.001] without interaction between both factors [F(1,24) = 0.016; n.s] 

(Fig. 3b). Thus, chronic restraint stress produced depressive-like 

symptoms in WT mice while CB1 KO mice already showed similar 

depressive-like behavior in non-stress conditions and after chronic 

restraint stress (Fig. 3b). 

 

Object recognition test 

Long-term memory was measured in the object recognition test after five 

weeks of chronic restraint stress. Under non-stress conditions, memory 

cognitive responses in this paradigm were similar in CB1 KO or WT 

mice. Two-way ANOVA revealed significant main effect of stress 

[F(1,25) = 120.476; p < 0.01] but not of genotype [F(1,25) = 0.372; n.s] 

nor the interaction between both factors [F(1,25) = 0.891; n.s]. Indeed, a 

decrease in discrimination index (DI) was revealed in both genotypes after 

five weeks of chronic restraint stress compared to their non-stress groups 

(Fig. 3c).  

 

PET study and [11C]-DASB binding 

Images clearly showed the expected [11C]-DASB binding pattern 

according with the anatomical distribution of 5-HTT in the serotoninergic 

system. Thus, the radioactivity concentration was high at the level of brain 

stem, less intense in the cerebral cortex and almost negligible at the level 

of the cerebellum (Fig. 4a). However, the resolution of the scanner and the 

partial volume seriously compromised de precise quantification of 

individualized brain structures, such as cerebral cortex. For this reason the 

quantification of [11C]-DASB binding was performed ex vivo. Time 

activity curves showed that 30 min after injection the difference between 

radioactivity concentration in the brain and cerebellum was maximal 
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establishing the time of pseudoequilibrium for this radiotracer in mice 

(Fig. 4b). 

 

5-HTT quantification by [11C]-DASB binding 

In the cortex, two-way ANOVA of 5-HTT quantification by [11C]-DASB 

binding showed a significant interaction between genotype and stress 

[F(1,37) = 5.06; p < 0.05] whereas no main effect of genotype [F(1,37) = 

0.17; n.s.] or stress [F(1,37) = 3.14; n.s.] were revealed. Fisher LSD post-

hoc test showed lower levels of 5-HTT in CB1 KO control mice (p < 

0.05) and in WT mice exposed to chronic stress (p < 0.01) than in control 

WT mice (Figure 5a).  

In the mid brain, two-way ANOVA revealed no significant main effect of 

stress [F(1,37) = 0.41; n.s.], genotype [F(1,37) = 2.53; n.s.] nor interaction 

between both factors [F(1,37) = 0.65; n.s.] (Figure 5b). 

 

Discussion 

In this study, we have used genetic and imaging tools to evaluate the 

relationships between the serotonergic and endocannabinoid systems in 

the development of depressive-like behavior due to repeated long-term 

exposure to stress. CB1 KO mice and WT littermates were exposed to 

chronic restraint stress and the emotional and cognitive consequences of 

this exposure were evaluated in the sucrose-preference, tail suspension, 

forced swimming and object recognition test. The effects of genotype and 

chronic stress on 5-HTT were evaluated by PET and ex vivo binding 

studies with [11C]-DASB. PET studies presented a low resolution that 

could compromise the quantification of the radiotracer binding at the level 

of the cerebral cortex due to partial volume effects. Moreover, the 

radiotracer accumulation in midbrain was considerably higher than those 

from cerebral cortex. In these conditions, the individual quantification of 

cortical [11C]-DASB binding in vivo was not possible since part of the 
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signal originated in the midbrain could be detected in the cerebral cortex. 

However, the dynamic images obtained by PET revealed the [11C]-DASB 

brain kinetics in mice. In this way, the time of pseudoequilibrium (30 

minutes) for this radiotracer was established in this animal model and 

used in the further binding ex vivo studies.  

CB1 KO control mice displayed anhedonia for sucrose, learned 

helplessness, decreased food intake and decreased 5-HTT levels in cortex. 

Chronic restraint stress induced similar manifestations in WT mice such 

as reduced sweet consumption, depressive-like behavior, body weight 

reduction, decreased food intake, long-term memory impairment and 

decreased 5-HTT levels in cortex. Stress did not amplify the depressive-

like phenotype of CB1 KO mice since these mutant mice displayed 

similar phenotype in non-stress and stress conditions. CB1 KO mice 

showed decreased food intake during non-stress conditions when 

compared to WT mice, during the whole experimental sequence, as 

previously reported (Cota et al., 2003; Bura et al., 2010). Similarly, WT 

stressed group showed less intake when compared with WT control mice 

and this effect was already revealed one week after chronic restraint 

stress. On the other hand, stress exposure produced a similar loss of 

weight in CB1 KO and WT mice.  

Dysregulation of hedonic process leading to anhedonic symptoms is a 

core manifestation of human depression (Katz, 1981). The manifestations 

of anhedonia have been widely reported in CB1 KO mice (Martin et al., 

2002; Bura et al., 2010) and in stressed animals (Haenisch et al., 2009). In 

our experimental conditions, decreased sucrose preference in all mutant 

and WT stressed mice was observed during most of the chronic stress 

period. Though stressed and CB1 KO mice showed decreased preference 

for sucrose solution, they still preferred it more than 50%. Repeated stress, 

such as chronic mild stress or social stress has been mainly shown to 

decrease sucrose preference (Krishnan et al., 2007; Becker et al., 2008; 
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Miczek et al., 2011), however other studies have shown that chronic stress 

stimulates sucrose intake (Dubreucq et al., 2012). One possible 

explanation to the unexpected increased sweet consumption of the 

mentioned experiment is that the rewarding and caloric properties of 

carbohydrates may help to reduce hyperactivity of the hypothalamic-

pituitary-adrenal (HPA) axis and of the sympathetic nervous system in 

stressed individuals (Dallman et al., 2003). Then, increased sucrose intake 

appears to counteract the deleterious effects of stress. In the present 

experiment, chronic restraint stress did not stimulate sucrose intake, on the 

contrary it decreased preference for sucrose in CB1 KO mice. Mutant 

mice displayed similar decreased preference for sucrose than WT stressed 

mice due to its reported depressive-like profile in basal conditions. In 

contrast, restraint stress procedure failed to produce higher anhedonia in 

CB1 KO stressed mice compared to CB1 KO in non-stress conditions. 

Previous studies using a different behavioral model demonstrated an 

amplification of the decrease of sucrose intake in CB1 KO stressed mice 

compared to CB1 KO control mice after 5 weeks of exposure to chronic 

mild stress (Martin et al., 2002). Thus, the behavioral model used to 

induce stress seems to be crucial since other studies using chronic social 

defeat exposure have reported increased, rather than decreased intake of 

sucrose, compared with their unstressed counterparts (Dubreucq et al., 

2012). Specifically, seven daily social defeat sessions increased sucrose 

intake in constitutive mutant mice lacking CB1 receptors and in WT 

stressed compared to unstressed mice. In addition, when conditional 

mutant mice lacking CB1 receptors from serotonergic neurons were 

tested, although displayed increased sucrose intake, this increase 

represented lower preference for sucrose than their respective WT stressed 

mice. Thus, CB1 receptors on central serotonergic neurons are 

hypothesized to be involved in the sweet consumption response to 

repeated stress (Dubreucq et al., 2012). This discrepancies between 
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studies may be due to numerous methodological differences, compared 

with the present study, including the stress model (restraint, chronic mild 

stress or social defeat), the duration of each sucrose preference test (24 h, 

1 h or 12 h), the concentration of sucrose (1% or 2%), the metabolic state 

of the animals (3-h food- and water-deprivation before each test or non-

deprivation) and the genetic background of the stressed mice (outbreed or 

inbreed strain) since it is well known that physiological and emotional 

responses of the individual when confronted to stress are genetically 

influenced (Berton et al., 1997; Berton et al., 1998).  

In basal conditions, CB1 KO control mice did not exhibit impaired 

hippocampal-dependent long-term memory, as previously described 

(Puighermanal et al., 2009). In the mentioned work, the amnesic-like 

effects produced by THC (10 mg per kg, intraperitoneal) were absent in 

CB1 constitutive KO mice. Thus, the activation of CB1 receptors in the 

hippocampus plays a key role in the impairment of memory formation and 

consolidation (Clarke et al., 2008; Wise et al., 2009). The authors reported 

that the cannabinoid modulation of hippocampal long-term memory was 

mediated by mTOR signaling (Puighermanal et al., 2009). In detail, CB1 

receptor activation, mainly in GABAergic interneurons of the 

hippocampus, triggered the activation of the mTOR pathway and the 

protein synthesis machinery through a glutamatergic mechanism, which 

underlies the characteristic long-term memory impairment (Puighermanal 

et al., 2009). In the present experiment, chronic restraint stress induced 

long-term memory impairment in both genotypes. It is well known that 

chronic stress impairs hippocampal-dependent long-term memory 

(Conrad, 2010). Rodents exposed to chronic stress exhibit decreased 

dendritic complexity within the hippocampus, which is typically 

associated with impaired spatial memory, a hippocampal function (Kleen 

et al., 2006). In the present work, the amnesic-like effects produced by 

chronic restraint stress were present in CB1 KO mice and the reduction in 
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the discrimination index was not amplified in the mutant mice although its 

depressive-like phenotype. Then, a CB1-independent mechanism could be 

involved in the stress-induced long-term memory impairment measured in 

the present task.  

Chronic restraint stress induced depression in both genotypes but CB1 KO 

mice did not show a significant amplification of depressive-like 

symptoms. Only a slight increase in the time of immobilization measured 

in tail suspension and in the forced swimming tests was observed in 

mutant mice. Both test measured learned helplessness, a core symptom of 

depression. It is well-known that stressful life events play a crucial role in 

the etiology of depression (Kendler et al., 1995), and the HPA axis 

controls the influence of stress on this disorder. Corticotropin releasing 

hormone (CRH) and arginine–vasopressin (AVP) in the hypothalamus 

control the activity of the HPA axis on stress-related responses and 

activate the secretion of the adrenocorticotropic hormone from the 

pituitary that stimulates corticoid release (cortisol in humans and 

corticosterone in rodents) to the adrenal cortex, which interacts with 

glucocorticoid receptors with low-affinity and mineralocorticoid receptors 

with high-affinity in multiple central and peripheral targets (Massart et al., 

2012). Glucocorticoids exert a negative feedback control in the 

hypothalamus on CRH and AVP secretion through the activation of 

glucocorticoid receptors expressed, among others, by hippocampal and 

paraventricular nucleus neurons. The corticosteroid hypothesis of 

depression is based on dysfunctions of the HPA axis consisting on the 

persistent hyperactivity of HPA through a deficit in the negative feedback 

regulation (Pariante, 2003; Anacker et al., 2011). This dysfunction 

appears when the intensity or frequency of stressors exceeds an 

individual-specific threshold (McEwen, 2006; Uchida et al., 2010). 

Usually, in healthy conditions, individuals show habituation to chronic 

stress due to decreased HPA axis activity. This habituation is considered a 
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mechanism of plasticity to protect the organism from the potentially 

damaging effects of hypercorticosteroidism (Armario et al., 2004). In 

depressed patients, there is a deficit in the negative feedback regulation 

that produces decreased HPA axis activity. Then, the habituation to 

chronic stress fails and over activity of HPA axis is produced, being not a 

simple consequence of depression, but an important risk factor 

predisposing vulnerable individuals (Hamer, 2002; Pariante, 2003; Caspi 

and Moffitt, 2006). Although the mechanism underlying this habituation 

has not been fully elucidated, it seems that the endocannabinoid system 

plays an important role in the habituation to chronic stress decreasing 

HPA axis activity. Endocannabinoids inhibit the HPA axis through CB1 

receptor activation (Di et al., 2003; Patel et al., 2004). Stress and 

glucocorticoids can trigger endocannabinoid synthesis and CB1 receptor 

signaling to constrain HPA axis activity under acute conditions, whereas 

chronic or repeated stress leads to a functional down-regulation in CB1 

receptor signaling (Crosby and Bains, 2012). Then, in the absence of CB1 

receptor activation, impairment in the negative feedback regulation of the 

HPA axis has been suggested (Cota et al., 2007). For instance, the 

enhanced sensitivity of CB1 knockout mice to stress-induced behavioural 

responses is associated to increased corticosterone serum levels, 

indicating a hyperactivity of the HPA axis in response to stress (Barna et 

al., 2004; Uriguen et al., 2004; Aso et al., 2008). This phenomenon could 

explain why in our study the CB1 KO mice showed depressive-like 

symptoms in basal conditions and why after chronic restraint stress these 

mutants showed a slight increase of depressive-like symptoms. It has been 

reported that the hyperactivity of the HPA axis in CB1 knockout mice 

could be related to the plasticity impairment that has been described in 

these mutants, which mimics that observed in depressive patients (Duman 

and Monteggia, 2006). The lack of amplification of depressive-like 

symptoms in CB1 KO mice after chronic restraint stress could be due to a 
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ceiling effect. Stress and deletion of CB1 receptors separately produced a 

maximum effect but the combination of both environmental and genetic 

factors did not produce a significant increase of depressive-like 

symptoms. On the other hand, the role of the endocannabinoid system in 

regulating emotional behaviour could also be explained by the modulation 

of serotonin release exerted by CB1 receptors (Tzavara et al., 2003; 

Bambico et al., 2007; Aso et al., 2009). It has been described that mice 

lacking CB1 receptor exhibited increased serotonin extracellular levels in 

the prefrontal cortex, which could be due to the alteration of several 

components involved in serotonin negative feedback (Aso et al., 2009). 

Thus, CB1 knockout mice showed decreased 5-HTT binding site density 

in the frontal cortex and the hippocampus, indicating impairment in the 

serotonin reuptake from the synaptic terminal (Lesch and Mossner, 2006). 

This result is in agreement with the present findings obtained by [11C]-

DASB binding studies with decreased cortical 5-HTT levels in CB1 KO 

mice in non-stress conditions and a trend to maintain reduced 5-HTT 

levels in mutant mice after chronic restraint stress exposure. In addition, 

WT mice showed decreased cortical 5-HTT levels after chronic stress. In 

humans, deficits in serotonergic neurotransmission have been observed in 

subjects suffering from depression (Heninger et al., 1996), and selective 

serotonin reuptake inhibitors (SSRIs) are an effective treatment for this 

illness (Keller, 1999). Polymorphisms in the human serotonin transporter 

gene (SLC6A4) have been shown to influence mood states (Hariri et al., 

2002; Scharinger et al., 2010). Thus, clinical studies show that carriers of 

the s allele, related to reduced 5-HTT synthesis and reuptake efficiency 

compared to l allele carriers, are at greater risk for developing affective 

disorders (Collier et al., 1996; Lesch et al., 1996; Furlong et al., 1998), 

and respond less to SSRI treatment (Smeraldi et al., 1998). Knockout mice 

lacking the 5-HTT (Bengel et al., 1998) display a robust anxiogenic-like 

phenotype (Kalueff et al., 2010), in the open field test (Kalueff et al., 
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2007), elevated plus maze (Kalueff et al., 2007; Popa et al., 2008), light-

dark box test (Popa et al., 2008), and novelty suppressed feeding paradigm 

(Lira et al., 2003; Ansorge et al., 2004). 

In conclusion, this study provides evidence suggesting that chronic stress 

induces depressive-like behavior and decreased levels of cortical 5HTT 

similarly to lifelong deletion of the CB1 receptor. This phenotype was not 

increased after repeated chronic stress in mutant mice. These results 

underline the relevance of chronic environmental stress on serotonergic 

and endocannabinoid transmission for the development of depressive 

symptoms.  
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Figure legends 

 

Figure 1. Experimental schedule during the 6 weeks of chronic restraint 
stress protocol. TST, tail suspension test; FST, forced swim test; ORT, 
object recognition test; 5-HTT, serotonin transporter. Body weight, food 
and drink consumption was recorded weekly.  
 
Figure 2. (a) Percentage of body weight change relative to basal level, (b) 
food intake during 24 h and (c) percentage of preference for sucrose 
during chronic restraint stress on WT and CB1 KO mice under control or 
stress conditions (n = 6-9). Data are expressed as mean ± SEM. ¶¶¶ 
p<0.001 for the main effect of genotype in the three-way ANOVA. ««« 
p<0.001 for the main effect of stress in the three-way ANOVA. ## p<0.01 
for Fisher LSD post-hoc comparison versus WT-Control. See text for 
ANOVAs and additional statistics. 
 
Figure 3. (a) Tail suspension test, (b) forced swim test and (c) object 
recognition test and after chronic restraint stress in WT and CB1 KO mice 
under control or stress conditions (n = 6-9). Data are expressed as mean ± 
SEM. ¶¶¶ p<0.001 for the main effect of genotype in the three-way 
ANOVAs.«« p<0.01 ««« p<0.001 for the main effect of stress in the 
three-way ANOVAs. See text for ANOVAs and additional statistics.  
 
Figure 4. (a) PET images obtained with [11C]-DASB in mice and (b) time 
activity curves calculated from the images. B) Time of pseudoequilibrium 
occurred approximately 30 minutes after injection. 
 
Figure 5. 5-HTT quantification by [11C]-DASB binding onto (a) cerebral 
cortex and (b) mid brain. Data are expressed as mean ± SEM (n = 6–18). 
# p < 0.05 ## p<0.01 for Fisher LSD post-hoc comparison versus WT-
Control. See text for ANOVAs and additional statistics.  
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