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INTRODUCTION
The mesolimbic dopaminergic system has received considerable attention in the literature due to its involvement in a range of psychological processes and neuropsychiatric diseases. In fact, after the development of the dopaminergic theory of schizophrenia (Carlsson 1974, 1978, 1988, Meltzer & Stahl 1976), additional mesolimbic dopaminergic hypotheses have been proposed to explain addiction (Wise & Bozhart 1981, 1985, 1987, Koob 1992), ADHD (Oades 1987, Clark et al. 1987, Levy 1991, Russel 2000), and depression (Jenner & Marsden 1982, Wilner 1983, Wilner et al. 1992, Voruganti & Awad 2004, Daylly et al. 2004). Experiments with localized electric brain stimulation (Olds & Milner 1954, Heath 1964) have also lead researchers to implicate the mesolimbic dopamine in the process of reward (Wise 1981, Wise & Rompre 1989) and in the promotion of appetitive motivated behaviors (Blackburn et al. 1987, 1989, Robinson & Berridge 1998, Ikemoto & Panksepp 1999). Moreover, dopamine (DA) is released in response to aversive stimuli and stress (Abercombie et al. 1989, Puglisi-Allegra et al. 1991, Rouge-Pont et al. 1993, Pruessner et al. 2004). Finally, a role of mesolimbic dopaminergic system has recently been recognized in the determination of personality traits, including novelty seeking (Bardo et al. 1996), extraversion (Depue & Collins 1999), and impulsivity (Cardinal et al. 2004).
Behavioral neuroscience’s studies have demonstrated the importance of mesolimbic DA in two different but related processes: motivation and learning. The interpretations of the experimental results generally diverge on the basis of the emphasis given to each of these processes:

1) The psychomotor activation hypothesis (Wise & Bozarth 1987), the behavioral activation system hypothesis (Gray 1987) and the derived behavioral facilitation hypothesis (Depue & Collins 1999), the seeking system hypothesis (Panksepp 1981, 1998, Ikemoto & Panksepp 1999), the wanting hypothesis (Berridge & Robinson 1998) and the effort-regulation hypothesis (Salamone et al. 1994
, Salamone & Correa 2002), all are motivational interpretations of mesolimbic dopaminergic functioning. They share a common perspective based on the classic distinction between appetitive and consummatory motivated behaviors (Sherrington 1906, Craig 1918), and consider the dopaminergic system as a fundamental drive for the expression of appetitive-approach behaviors.
2) The reinforcement (Fibiger 1978, White & Milner 1992), and the reward hypotheses (Wise 1978, Wise & Rompre 1989, Schultz et al. 1997, Schultz 1998, Di Chiara 2002, Wise 2004) have largely focused on the potential learning mediating functions of DA. While motivational theories are largely interested in the proactive actions of dopaminergic transmission on future behaviors, the learning theories tend to consider the retroactive effects on strengthening the associations of past events. Anyway, more recent learning theories based on the incentive motivation concepts (Bolles 1972, Bindra1974, Toates 1986
, Robinson & Berridge 1998) also acknowledge that rewards promote motivational arousal and increase behavioral readiness. Nevertheless, they consider that the “most important role of DA in incentive motivation is historical; it is the stamping-in of stimulus-reward association that has established incentive motivational value for previously neutral stimuli” (Wise 2004).

The difference between the two perspectives resides in the emphasis given to the unconditioned or priming effects (motivational theories) and to the conditioned effects (learning theories). Both the motivational and the learning theories of the mesolimbic dopaminergic system originated by the pioneering work of Olds and Milner (1954) on electric brain self stimulation (EBSS), which demonstrated the existence of reward centers (or pathways) inside the brain. In fact, as noted by Gallistel (1974), there are two main effects of rewarding brain stimulation. The first-one is to energize behaviors before that any conditioning had taken place and the second is to increase and maintain the probability of response repetition. 

We think that one of the modern aim should be to unify and integrate the motivational and learning perspectives of mesolimbic dopaminergic transmission. Although there are attempts in this direction (for example see Berridge 2004, Toates 2004, Koob 2004), a definitive solution has not been achieved.  Moreover, an increasing number of modern interpretations share a heavy representational and cognitive perspective, which, in our perspective, is not adequate for building an integrate theory.

However, in the last few years, the learning perspective received empirical support by new important discoveries:

1) The knowledge of the DA synaptic plasticity modulation (Thomas et al. 2000, Centonze 2001, Li et al. 2003, Huang et al. 2004
) and of the intracellular molecular mechanisms activated by DA-receptor bindings (Greengard 1999, Hyman & Malenka 2001, Barrot et al. 2002, Nestler 2002, 2004) provided new inroads into understanding how DA may modify associative memories. 

2) Electrophysiological recordings at dopaminergic neurons (Schultz 1997, 2002) as well as at DA projections areas, especially in the ventral striatum (Nicola et al. 2000, West & Grace 2002, Yun et al. 2004) have led researchers to propose that phasic dopaminergic transmission may be a key mechanism for associative learning and reward (Grace 2000, Waelti et al. 2001, Reynolds et al. 2001, Wightman & Robinson 2002, Cooper 2002, Ungless 2004). By comparison, only a few studies have considered the role of DA-modulated activity in motivated behaviors (Phillips et al. 2003, Kelley 2004, Balfour &Coolen 2004, Kippin et al. 2004, Roitman et al. 2004, Carelli 2004). Interestingly, as was evident for learning process, it was shown that the phasic dopaminergic transmission in the NAc is also involved in the initiation of motivated operant behaviors (Phillips et al. 2003). 

Functional anatomy

The mesolimbic dopaminergic system, later called mesocorticolimbic dopaminergic system, is constituted by neurons placed mainly in the ventral tegmental areas of the mesencephalon (VTA) and innervating many regions in the midline of the neuroaxis (Swanson 1982, German & Manaye 1993, Haber & Fudge 1997). They project to the nucleus accumbens (NAc), olfactory tubercle, bed nucleus of stria terminalis, central and medial amygdaloid nuclei and lateral septal area in the basal forebrain, and to the amygdala, hippocampal complex, medial prefrontal cortex (PFC), anterior cingulate cortex, and the suprarhinal cortex at the higher telencephalic level (figure 1). 

Although mesenchephalic dopaminergic cell groups form an anatomical continuous, the mesolimbic DA system has been differentiated from the nigrostriatal dopamineric system on the basis of anatomical and functional criteria (Bernheimer 1973, Ungerstedt et al. 1974). The first-one, projecting to ventral basal ganglia and other cortical-limbic areas, is involved in the regulation of intentional motivated movements and flexible-emotive behaviors (Papp & Bal 1987, Wise & Bozhart 1987, Blackburn et al. 1989, Robinson & Berridge 1998, Ikemoto & Panksepp 1999). On the other hand, the nigrostriatal system reaches the dorsal basal ganglia areas, where behavioral and cognitive habits are learned, stored and expressed (Hornykiewicz 1979, Carli et al. 1985, Graybiel 1997, Jog et al. 1999, Haber 2003) and is more involved in the motor aspect of movements.

Strongly favoring a systems perspective, most neuroscientists consider dopaminergic modulation not only in terms of changes in single neural processes, but also in terms of complex and interconnected circuit dynamics (Kalivas et al. 1992, Pierce & Kalivas 1997, Hyman & Malenka 2001, White 2002, Everitt & Wolf 2002, West et al. 2003, Nestler 2003). 

The mesolimbic dopaminergic projections directed into the ventral basal ganglia system, or ventral striatopallidum system (Heimer & Wilson 1975, Vorn et al. 2004), has received wide attention for their involvement in motivational and reward processes (see section 3). In fact, through the NAc ventral basal ganglia receive inputs from the prefrontal cortex, the hippocampus and the amygdala (Pennartz et al. 1994, O’Donnell & Grace 1995, Groenewegen et al. 1999) and translate biological-relevant information into motor patterns (Nauta et al. 1978, Mogenson et al. 1980, Pennartz et al. 1994, West et al. 2003) (figure 2). Electrophysiological and electron-microscopic studies demonstrated that afferents from these limbic areas converge into single NAc neurons (O’Donnel & Grace 1995, Finch 1996, French & Totterdell 2002) and DA modulates this synaptic communication (West et al. 2003). Moreover, projecting to ventral striatpallidum system (or ventral basal ganglia), mesolimbic DA neurons influence the activity of the limbic loop of the basal ganglia-thalamocortical circuit (Alexander et al. 1986, Kalivas et al. 1999), which are executive reentrant circuits connecting the cortical mantle with basal ganglia. The basal ganglia-thalamocortical circuits are involved in the organization of motivated behaviors, either intentional (limbic loop) or automatic (motor loop). If a correct functioning of the basal ganglia-thalamocortical circuits assure a behavioral flexibility in accordance with organism’s needs, their dysregulation presides to different neuropsychiatric disease, from depression to obsessive-compulsive disorders, from addiction to Parkinson, ecc. (Swerdlow & Koob 1987, Robbins 1990, Owen 1992, Pantelis et al. 1997, Lawrence et al. 1998, Jentsch et al. 2000, Graybiel & Rauch 2000, Overmeyer et al. 2001, Groenewegen 2003, West et al. 2003).

It has recently been suggested that a flow of information exist between these different loops, “in sense that they would provide for a feed-forward processing from limbic lobe circuits, via executive circuits via motor circuits” (Heimer & Van Horsen 2006). In other words, these loops remind to a spiraling functional organization (Zahm and Brog 1992), with dopaminergic neurons acting as intermediary of the limbico-motor flow (Haber et al. 2000, Joels & Weiner 2000).

Interestingly, cortex and basal ganglia strongly differ in their organization, since the first-one sends mainly glutammatergic axons, while the second-ones are intrinsically GABAergic. Therefore, it has been suggested that the forebrain lobes can be differentiated in two greater parts, the GABAergic basal forebrain (which comprise the nucleus of Meynert, the extended amygdala, and the basal ganglia) and the glutammatergic cortical-like areas (which comprise also the basolateral amygdala and the hippocampal complex) (Swanson 2000). Moreover, this differentiation has a developmental origin, since the two parts of the forebrain derive from separated germinal zones (Kriegstein & Noctor 2004). Therefore, if basal ganglia-thalamocortical circuits permit the communication between these different zones, dopaminergic transmission strongly modulates this communication (figure 3). 

How can dopamine affect behavioral and psychological functions?
Although DA-receptor activated molecular pathways have been partially unraveled (Greengard 1999, 2001a), the precise mechanisms by which DA influences behavioral and psychological phenomena still remain unclear. It is universally accepted that DA is a modulator of neural activity, that interacting with fast synaptic transmission (Greengard 2001b), influences the way the brain processes specific information (Mesulam 2000). DA-mediated activity regulation is implicated both in the expression of motivated behaviors and in learning, since synaptic plasticity and other neural changes are strongly influenced by their activity (Hebb 1949).

The most influential hypothesis of DA regulatory function is that it increases the signal-to-noise ratio in striatal areas, enhancing the efficiency of neural networks in elaborating significant signals (Rolls et al. 1984, De France et al. 1985, Kiyatkin & Rebec 1996, Nicola et al. 2000). This hypothesis is based on single-cell studies (both in vivo and in vitro), in which the electric activity of neurons has been observed during different farmacological manipulations. Therefore, gating the information directed from basolateral amygdala (BLA), hippocampus (Hipp) and PFC into the NAc, mesolimbic DA favors the entrance of salient signals related with specific representations into the executive basal ganglia-thalamocortical circuits (Mogenson et al. 1980, Pennartz et al. 1994, Groenewegen 1999, West et al. 2003, O’Donnell 2003). Through this action, external stimuli acquire a motivational incentive value, since theirs representation activate specific goal-directed behaviors (Berridge 2004). Moreover, DA also strengthens the association between cortical-like areas descending signals and basal ganglia neural ensembles, influencing long-term memory processes in line with a reward function (Wise 2004).

Although the signal-to-noise ratio hypothesis is useful in understanding how behavioral and motivational arousal processes may be linked to specific cognitive, perceptual and motor representation, it doesn’t really explain the arousal function per se. Instead of explaining the activation properties of DA as the result of the increased salience of external stimuli, we will propose an alternative approach in which is the motivational value of stimuli that depends on a general activation function. In other words, we will put firstly the arousal and energizing function and subsequently the cognitive or informational aspects. Our approach is sustained by studies investigating DA modulation on global-field dynamics, as revealed by local activity of neural populations (local field potentials), since arousal function can be better explained by large-scale energetic states of the brain. This approach, especially developed in Parkinson disease studies, showed that blocking the amount of cortical descending activity into basal ganglia (Siggins 1978, Dray 1980, Yim & Mogenson 1982, Brown & Arbuthnott 1983, Johnson et al 1983, Yang & Mogenson 1984, DeFrance et al 1985b) DA desynchronizes cortical-derived rhythmic activity in basal ganglia and facilitates the emergence of characteristic basal ganglia oscillations (Brown & Mardsen 1998, Tseng et al. 2000, 2001, Levy et al. 2000, 2002, Marsden et al., 2001, Brown 2002, Magill et al. 2004, Lee et al. 2005). Promoting rhythms characteristic of basal forebrain and basal ganglia inhibitory networks (especially the gamma rhythm), DA may preside to the release of neural activity sequences (neurodynamic sequences) related with intentional behaviors along the basal ganglia-thalamocortical circuits (Llinas 2001, Freeman 2001, 2003). These neurodynamic sequences express the organism impulse to act, and constitute the procedural structure around which complex and flexible activity generated in higher order structures develops. In our view, some of these neurodynamic sequences favored by mesolimbic DA express a specific disposition to explore, seek and approach the environment (the seeking emotion). They are interiorized, instinctual, procedural and dynamic structures developing inside the basal ganglia-thalamocortical circuits, which globally change the attitude of the organisms. We think that they may constitute the affective part of many intentional and motivated behaviors, when, in uncertain conditions, organisms can’t pursue their goals through well-learned behaviors and need to investigate the right way to approach them. 

Brief summary of the four sections

In the first section it is presented a rapid description of the theoretical perspectives on the mesolimbic DA system and its relationship with behavioral and psychological processes.

In the second section of the paper, we will describe how the motivational and arousal function of DA depends on a regulation of neural activity and global dynamic oscillations inside basal forebrain and basal ganglia-thalamocortical circuits. Through this modulation, DA facilitates the emergence of sequential activity patterns, which constitute the intrinsic procedural structure of every intentional act. 

In the third part of the paper, we will show evidences supporting that dopaminergic transmission inside the ventral basal ganglia promotes learning and motivated behavior activating the seeking/approach emotional disposition (Panksepp 1998). Moreover, we will review the specific role of phasic and tonic DA in the process of reward and in the generation of positive affective states.

Finally, in the fourth part, we will focus on the concept of a tonic/phasic imbalance (Grace 2000) to explain some aspects of the individual vulnerability to become addicted.

SECTION 1: THEORETICAL UNDERPINNINGS

Neurocognitive behaviorism

Since relationships among neural, behavioral and psychological levels are complex, substantial gaps remain in our understanding yet to be filled by new discoveries. Theoretical hypotheses are particularly relevant for such purpose as they will lead research towards new empirical goals and will provide distinct predictions.

Most of current experimental work is driven by a theoretical perspective, which can be called neurocognitive behaviorism. This perspective is characterized by two main assumptions: 

1) cognitive processes, mediated by higher cortical functions, are characterized by predictions and control animal’s behavior in an (essentially) uncounscious way (Kihlstrom 1987, Fuster 2002). These predictions could be conceptualized as computations and modeled in accordance with information processing theories (Gerstner et al. 1997, Miyashita 2004, Vogel 2005); 

2) animal (and human) behaviors is entirely determined by associative learning impressed and stored into the brain (Watson 1913, Skinner 1938, Martin & Levey 1988, Resler 2004, Rolls 2004, Pickens & Holland 2004).

The cognitivistic and behavioristic approaches are now melted together: the environment continuously modifies behavioral responses transforming the organism’s prediction systems. In this theoretical context, the principal focus of research is to make clear how DA modulates cortical and limbic (top-down) influence over NAc and basal ganglia activity (Cepeda et al. 1998, Kalivas & Nakamura 1999, Nicola et al. 2000, Murer et al. 2002, Carelli et al. 2004). In accordance with information process theory, DA should act on the information flow that proceeds from cognitive representation (cortical and limbic areas) to movement’s representations (basal ganglia areas) (Joels et al. 2002, Schultz & Dickinson 2002, Dayan & Balleine 2002, West et al. 2003, O’Donnell 2003). Moreover, a large body of literature is directed at understanding how DA could affect associative learning through permanent modifications of cortico-striatal synapses (White 1997, Robinson & Kolb 1999, Reynolds et al. 2001, Nestler 2001, Wickens et al. 2003, Centonze et al. 2003). In fact, mesolimbic DA transmission has long been considered as a reinforcement or reward signal (White 1996, Schultz 2001, Wise 2004, Pierce & Kumensman 2005), while recently this function has been described in accordance with the principles of formal learning models, where DA has become a prediction-error signal (Waelti et al. 2001, Dayan & Balleine 2002, Montague et al. 2004).

This neurocognitive behavioristic perspective has helped crystallize hypotheses about the etiology of DA-related psychiatric diseases. For instance, addiction is primarily considered the product of abnormal learning that takes place in cortico-striatal circuits fueled by drug-induced dopaminergic release (Pierce & Kalivas 1997, Di Chiara et al.1999, Berke & Hyman 2000, Nestler 2001, Everitt et al. 2001, Wolf 2002, Kelley 2004, Self 2004). Compulsive seeking behaviors then emerge by the progressive consolidation of associations between external predictors of the presence of the drug and behaviors directed towards its acquisition and consumption (Robbins & Everitt 1999, Robinson & Berridge 2000).

Despite its obvious successes, neurocognitive behaviorism and learning theories of addiction may rely too heavily on generalizations that account for only a subset of phenomena to be considered (Bennet & Hacker 2003, Panksepp 2005). One of the greatest difficulties of this perfective is to explain with a unified interpretation how DA modulates behaviors that organism are going to execute and, at the same time, strengthens associative learning. Therefore, a gap exists between motivational and learning theories of mesolimbic DA system. 

For example, the interpretations of electrophysiological dopaminergic neural activities are always learning theories of DA functioning (formal learning theories) (Waelti et al. 2001, Schultz 2002, 2004, 2005, Montague et al. 2004). However, learning theories of addiction cannot adequately address the presence of unconditioned effects activated by drugs, as verbally reported in human studies and revealed in animals by behavioral changes. These theories do not consider why drugs that increase mesolimbic dopaminergic transmission induce behavioral activation (Wise & Bozhart 1987) and positive affective states (Drevets et al. 2002, Burgdorf & Panksepp 2005). It is also unresolved why individuals show differences in vulnerability toward addiction (True et al. 1999, Uhl 1999, 2004, Vanyukov & Tarter 2000). If addiction is a learning process, what predisposes individual to be good or bad learner? 

On the other side, motivational theories of DA always consider cognitive expectations elaborated in high-levels brain areas as the guide for goal-directed behaviors. However they don’t seem to consider that dopaminergic activation arise especially under unpredicted cues (Schultz et al. 1997, Horvitz 2000), and, more generally, under uncertain environmental conditions (Fiorillo et al. 2003). Therefore, the mesolimbic DA-motivational drive seems less related to clear predictions and more with affective and emotive processes, which evolved to cope with life-challenging events in unpredictable environments (Plutchick 1989). Moreover, since emotions strongly regulate memory consolidation and retrieval (Cahil 1997, McGaugh 2000, Packard & Cahil 2001, Roozendaal et al. 2001, 2002, Bernston et al. 2003, Richter-Levin 2004) an affective perspective of motivation may help to understand the link between proactive effects on incoming behaviors and learning properties of dopaminergic transmission. 

The incentive salience hypothesis

One of the first attempts to explain the motivational and the learning effects of the EBSS was the hedonic hypothesis (Wise 1980). It postulated that the stimulation of the mesolimbic dopaminergic system activated a positive hedonic state enhancing the pleasure derived by consummatory behaviors. This theory was heavily criticized, since subsequent experiments demonstrated the involvement of mesolimbic dopaminergic transmission in the appetitive phase, and not in the consummatory phase, of motivated behaviors
 (Blackburn et al. 1989). Nevertheless, since animals self-stimulate the mesolimbic system, it needs to be explained why the activation of an appetitive state has its own rewarding properties. In the Berridge perspective (2004), this problem arises by the assumption that appetitive behaviors are expression of drives. In fact, in the drive-reduction theories, only the reduction of a drive is related to the reward, while the drive itself must be avversive (Hull 1943, Miller 1952, Spence 1956, Mowrer 1960
). Moreover, the pioneering works of Valenstein (1969, 1970
) demonstrated that electric brain stimulation is not related to any specific drive, but can activate one or the other depending of environmental contexts. Considering the possibility that appetitive behaviors arise from the incentive properties of external stimuli (Bolles 1972, Bindra 1974, Toastes 1986), instead of from internal drives, the Berridge’s perspective offers a resolution of this dilemma. In fact, “when incentive salience is attributed to a stimulus representation it makes the stimulus attractive (and) attention grabbing” (Berridge 2004 p 195).  Since mesolimbic dopaminergic transmission helps external stimuli acquire incentive salience (Robinson & Berridge 1998), it exerts at the same time an influence on learning stimulus-related contingencies and on appetitive motivation to approach the stimulus. 

In conclusion, the incentive salience hypothesis explains both motivational and learning effects of DA transmission. Its attractiveness derives from its capacity to show that appetitive motivations are often activated by the presence (or by the anticipatory representation) of external stimuli and not necessarily by internal drives. Nevertheless, although the role of external stimuli for motivational processes are undeniable, the excessive reliance given to those stimuli could hide the fact that appetitive motivation is an organism-generated process. In fact, the only way by which mesolimbic dopaminergic transmission may increase the incentive salience of external stimuli is by changing the attitude of the organism towards them. In our opinion, mesolimbic DA system should first modify organism disposition to act and seeking into the world and, consequently, the incentive representation of the surrounding environment. 

Mesolimbic DA in an affective perspective.

After the electric brain self-stimulation (EBSS) experiments of Olds & Milner 1954, it was eventually proposed that behavioral activation and reward processes elicited by the electric stimulation were expression of a general incentive-based disposition to explore and approach the environment (Glickman & Schiff 1967, Trowil et al. 1969, Panksepp 1981). This disposition is influenced by homeostatic needs but is partially independent of them. In fact, after the stimulation of the medial forebrain bundle (MFB) animals can easily shift between different motivated behaviors, for example approaching for food or water, in relation to the environmental conditions (Valenstein 1970, Panksepp 1981, 1982). Moreover, such electric stimulations induced exploratory behaviors not strictly related to any biological need, but mainly directed to investigate the environment. Eventually, it was demonstrated that the flexible approach disposition elicited by MFB stimulation depends on the activation of the mesolimbic dopaminergic system and that all the principal drugs of abuse act this neuro-chemical process (Wise & Bozhart 1987). Therefore, mesolimbic DA may be considered part of an ancient emotional system, called the seeking system, which activation is intrinsically affective (subjectively experienced) and emotional (manifested in energized instinctual behaviors). On the subjective side it is characterized by feeling of engagement and excitement, as well as curiosity, interest, power and energy (Panksepp 1998). On the behavioral side it expresses itself through foreword locomotion, exploratory behaviors, sniffing, investigating and ultrasonic 50-KHz vocalization (Ikemoto & Panksepp 1994, Panksepp 1998, Burgdorf & Panksepp 2004, Panksepp & Moskal in press). This inbuilt emotional disposition facilitates the generation of higher-order “forethoughts”, characterized by positive expectancies and anticipatory states. Generally, these states express the tendency of the organism to projects itself foreword in the space and in the time, searching for changes. In this perspective, it is not surprising that mesolimbic dopaminergic transmission is activated by the presence of novel stimuli or contexts (Hooks & Kalivas 1995, Horvitz 2000), and that it promotes personality’s dispositions as the novelty- and sensation-seeking or the extraversion (Bardo et al. 1996, Depue & Collins 1999).

Following this research line, we will present a review on mesolimbic dopaminergic functioning centered on three aspects that are usually less considered in behavioral neuroscience, but that we think are fundamental in understanding the relations between DA transmission and behavioral and psychic processes.

1) Energy 

When considerations of behavior are limited to information processing and cognitive representations, neuroscientists often fail to account for the energetic and dynamic aspects of neural, behavioral and mental activity. We should ask why animals perceive the world and are spontaneously active in globally energetic ways. How can computations arise in the brain without the support of global states that channel an organism’s needs via large-scale brain network functions? Where do such global states arise and how do they interact with informational processes? Answering these questions will require us to build new perspectives centered on the concept of built-in, energy-centered functions that humans share with other animals (Darwin 1872). In fact, new neurodynamic approaches may be needed to make sense of why organisms do what they do (Kandel 1999, Freeman 2000, 2003, Solms & Thurnball 2002, Panksepp 2003, Ciompi & Panksepp 2004). We think that time is ripe to bring such concepts into the discussion of brain DA functions. In fact, as part of the ascending reticular activating system (ARAS) (Panksepp 198Jones 2003), mesolimbic dopaminergic system as a fundamental energetic source for certain types of brain activity, in particular within basal forebrain and basal ganglia. We will show that the behavioral activating properties of DA may depend on its capacity to influence global field dynamics in basal forebrain (especially into basal ganglia). Promoting the emergence of fast-wave oscillatory rhythms in this areas (Brown & Marsden 1998, Levy et al. 2000, Tseng et al. 2001, 2002, Brown 2003, MaGill et al. 2004) and their diffusion into the cortex (Brown 2003, Sharot et al. 2005), dopaminergic transmission may favor the expression of seeking-approaches behaviors as well as other intentional behaviors (see also Freeman 2003).

2) Internal procedural sequences. 

When focusing its attention only on learning and associative processes, neurocognitive behaviorism fails to account for preexisting neuro-behavioral structures that control any kind of learned change. In such a way, neurocognitive behaviorism denies organism’s behavioral identity and neglects to attend to learning’s most important characteristic: its adaptive capacity. Instead of considering only neural plasticity and top-down hierarchical brain processes, we should rather harness the ethological tradition in order to provide a better image of the intrinsic capacities of organisms and thereby emphasize the importance to evolutionary constraints on learning (Tinbergen 1951, Lorenz 1965). In vertebrates such constraints emerge from the influences that subcortical brain structures exert over neocortical functions (MacLean 1990). We also think that the motivations, intentions and emotions can’t be adequately explained by a top-down cognitivistic nor by a representationistic perspective . On the contrary, as impulses to act, intentions may correspond more to neural dynamic sequences, which, once activated, become internal procedural drives (Llinas 2001). Mainly constituted by GABAergic inhibitory reciprocal connections (Swanson 2000), basal forebrain and basal ganglia preside to the formation of these procedural sequences  (Knowlton 1996, Graybiel 1998). In fact, the role of these areas in learning and expression of behavioral routines, as motor habits or emotions, has widely been established (MacLean 1990, Graybiel 1997, Jog et al. 1999). Moreover, basal forebrain is strongly connected to the cortical mantle through the basal ganglia-thalamocortical circuits  (Alexander 1986). In our opinion, it is the emergence of basal forebrain-driven activity sequences within these circuits that may furnish an intrinsic structure to intentional and motivated behaviors. 

3) Emotions and affects. 

Neurocognitive behaviorists do not consider subjective feeling and emotions as worthwhile targets of scientific inquiry. However, there is no good reason we have to think that neurons only produce representations and computations instead of also producing emotions and affect. Removing affectivity from neuroscience may lead to a profound misunderstanding of intrinsic brain organization and functioning, and will thereby hinder much-needed scientific progress. In fact, instead of just being a purely human characteristic, an affective core underlying subjectivity may have emerged early in vertebrate brain evolution (Panksepp 1998), from brain centers that regulate the inner states of the organisms (MacLean 1990, Damasio 2000, Craig 2003, Thompson & Swanson 2003, Schulkin et al. 2003, Bernston et al. 2003, Porges 2003, Sewards & Sewards 2003, Alheid 2003). However, although the most influential studies on emotions consider affective feeling produced by neural representations of body changes (Damasio 1996, Damasio et al. 2000), we think that the nature of feelings must be related also with the intentionality of behaviors. In other words, they should emerge not only in consequence of “what happened” (Damasio), but also in relationship with “what is going to happen” (or what may happen). The intrinsic intentionality of every emotion should be related, in our opinion, with the emergence of specific neurodynamic sequqnces into the basal forebrain and in other subcortical structures as, for example, the periacqueductal gray (Panksepp 1998). 

Closely related with this “visceral” brain (Geisler & Zahm 2005), the mesolimbic DA system stimulates the emergence of an emotional disposition for exploring, seeking and approaching external stimuli and, in cognitively sophisticated creatures such as humans, aspects of the internal mental environment (Panksepp 1986, 1992, 1998, Ikemoto & Panksepp 1999). This emotion control motivated and intentional behaviors since it pushes organisms to explore the space and project them towards the future, seeking for their goals. At the same time, it strongly modulates learning, both stimulating attentive process, and the recollection of past events associated with the emergence of this disposition. Therefore, the concept of a seeking emotional disposition explains both the motivational and learning effects of dopaminergic transmission. Moreover, this state plays a role in positive, as well as in negative or novel contexts.  In negative situations it facilitates the organism’s attempt to escape or to cope with stress (Cabib & Puglisi-Allegra 1996), giving to the animal the necessary drive to put itself out of that threats (“approach toward safety”). In novel contexts, promotes exploratory behaviors and attention focusing on particular relevant stimuli (Bardo et al. 1996
). 

The seeking state should be supported by DA-mediated oscillatory activity sequences inside the ventral striato-pallidum system and in the limbic loop of basal ganglia-thalamocortical circuits. These sequences may contain condensed memories and anticipations of future events linked together and expressed in form of impulses to act. Moreover, these impulses may be manifested in instinctual (seeking and approach), learned, or habitual action guidance, where the transition among them emerges along with a shift in the dynamic flow from a ventro-medial to a dorso-lateral  gradient inside the basal ganglia-thalamocortical circuits (Heimer et al. 2000, Joels & Weiner 2000).

SECTION 2: the ascending DA activating system

Mesotelencephalic dopaminergic neurons in the context of the ascending reticular activating system (ARAS)

For a long time, neuroscientists considered the brain as a passive organ whose capacities were maintained by the sustained flow of sensory input. At night, the cessation of external stimulation presumably led to neuronal deactivation and to the emergence of sleep. In 1949, Moruzzi, Magoun and their colleagues completely overturned this perspective, demonstrating that spontaneous brainstem reticular activity was an endogenous source of brain excitation and a more important source of waking than external stimulation (Moruzzi & Magoun 1949, Lindsley et al. 1949, 1950
). The Ascending Reticular Activating System (ARAS) includes interconnected neural nuclei in the brainstem, the diencephalons and the basal forebrain. It is the main source of the basic sleep-wake cycle, which promotes waking arousal and behavioral inhibition (Jones 2003). ARAS provides organisms with an endogenous system for regulating brain activity and responding to environmental stimuli. 

Although the importance of ARAS for any kind of behavioral and mental processes is undeniable, behavioral neuroscientists continue to focalize the attention on external sources of stimulations without considering seriously the implication of the existence of an inner arousal system. The evidence that lesions of the ARAS, but not those of the sensory pathways, eliminate behavioral wakefulness (Lindsley 1950), affirms the centrality of an inner process in behavioral and mental activity. Every perceptual, cognitive, affective and behavioral process needs an effort that, although not perceived at a conscious level, is continuously provided by the ARAS. Indeed, it seems likely that consciousness is sustained by those subcortical regions of the brain (Panksepp 1998, 2005, Damasio 1999, Showmon et al. 1999).

In mammals, most of the DA-containing neurons are located in the mesenchephalon, across three major groups: A8 cells in the retrorubral field, A9 cells in the substantia nigra (SN) and A10 cells in the ventral tegmental area (VTA) (Dahlstrom and Fuxe 1964, Ungerstedt 1971, Lindval and Bjorklund 1974, Fallon and Moore 1978, German et al. 1983, Arsenault et al. 1988, German and Manaje 1993, McRitchie et al. 1998). A similar organization of dopaminergic cells in reptiles (Smeets et al. 1987, Smeets 1988, Gonzalez et al. 1994) and in birds
 (Smits et al. 1990, Durstewitz et al. 1999) has also been recently demonstrated. Nevertheless, less dense aggregation of dopaminergic neurons have also been observed in the supramamillar region of the hypothalamus, in the dorsal raphe and in the periaqueductal gray (Swanson 1982, Gaspar et al. 1983).

It has been demonstrated that there are no clear anatomical boundaries between mesencephalic dopaminergic cell groups and that they derive from a common embryonic tissue and develop together during ontogenesis (Olson & Seiger 1972, Fallon & Moore 1978, Hu et al. 2004). Since the projection fields of the three major dopaminergic groups (A8, A9 and A10) often overlap, it is reasonable to refer to them collectively as the mesencephalic dopaminergic system.

Considering their morphological characteristics (the isodendridic shape), their location, their ascending projections and their arousal functions, the dopaminergic neurons can be seen as a part of the “reticular formation” complex (Sheibel & Sheibel 1958, Leontovich & Zhukova 1963). In other words, they are part of the “isodendridic core of the brainstem”, consisting in a “neural continuum with overlapping dendritic fields stretching from spinal cord to telencephalon” (Geisler & Zahm 2005, p287). Since the dopaminergic dendrites extend for long distances (Phillipson 1979), they are reached by a great number of afferent fibers, many of them originating in other reticular neurons (Geisler & Zahm 2005). 

On the basis of the functions of the reticular activating system (Parvizi & Damasio 2001), we must expect that dopaminergic neurons are very sensible to the global state of the organism (1) and that their ascending projections modulate arousal state in accordance with that state (2). It is important to note that each area reached by DA projections sends feedbacks to dopaminergic neurons via direct or indirect pathways. Then, the ascending dopaminergic systems must be considered part of many re-entrant loops that go in and out from the reticular formation (Figure 4). 
Dopaminergic activity and arousal state
Many ARAS nuclei differ from each other in neurochemical molecules they release. They are grossly redundant, since subset of neurons may be sufficient but not necessary for maintaining wakefulness (those systems operate via “mass action”).

Cholinergic and noradrenergic neurons have been easily related to arousal because they show a higher discharge rate during active waking than during sleep or quite wakefulness (Hobson et al. 1975, Foote et al. 1980
, Aston-Jones & Bloom 1981
, Vanderwolf 1988, Sterade & McCarley 1990
). It is also been demonstrated that the activity of these neurons promotes fast-wave activity within the forebrain (Vanderwolf 1988, Berridge & Espana 2000
).

More complex results have been obtained with dopaminergic neurons, which do not display evident alterations in the firing rate between waking and sleep (Trulson et al. 1981, Steinels et al. 1983
, Miller et al. 1983
, Trulson & Preussler 1984
, Hyland et al. 2002). In contrast, as revealed by voltammetry (Trulson et al. 1985
) and by microdialysis (Smith et al. 1992, Feenstra et al. 2000
, Lena et al. 2005), dopaminergic release is sensitive to fluctuations in sleep-wake state. Increases in the amount of extracellular DA are also evident in conditions of emotional arousal, either in aversive and appetitive conditions, or when organism is actively engaged with the environment (Thierry et al. 1976, Roth et al. 1988, Cousin et al. 1999, Di Chiara et al. 1999
, ecc.). It was also proposed that dopaminergic transmission is enhanced during dream episodes (Miller et al. 1983, Solms 2000, Maleney et al. 2002
, Gottesman 2002). A possible resolution of the contradictory data coming from electrophysiological and microdialysis studies is that during REM and awakening states dopaminergic transmission is enhanced in such a way independently by the cell firing of DA neurons. 

It has been shown that transient burst firing of dopaminergic neurons occur in the presence of salient, novel and rewarding stimuli (Schultz et al. 1993, Mirenovitz & Schultz 1996, 1998, Horvitz et al. 1997, 2000, Cooper 2002, Phillips 2003). On the contrary, the data on the effect of stress on dopaminergic burst firing are more contradictory, since some researcher reported a non-effect or, at least, a reduction in bursts (Ungless 2004), while others reported an increase in burst firing (Arnston & Woodward 2005). Moreover, burst firing (and transient dopaminergic release) has been observed also in anesthesized rats (Grace 1991, Bunney et al. 1991, Overton & Clark 1997, Hyland et al. 2002), making difficult to argue for a direct correlation between burst firing and arousal rewarding states. 

The psychomotor activating effects of DA across vertebrates and invertebrates

Drugs that stimulate dopaminergic release, like cocaine and amphetamine, or that are agonist of DA receptors promote waking and behavioral activation in mammals (Wise & Bozarth 1987, Di Chiara & Imperato 1988, Monti et al. 1990, Trampus et al. 1991, 1993
, Nishino et al. 1998, Wisor et al. 2001
). In rats and mice, these drugs increase locomotor activity and, if consistent doses are used, they lead to stereotypical behaviors (Wise & Bozhart 1987). The effect of DA transmission in promoting hyperactivity is also present in adult fruit flies, suggesting a high evolutionary conservation of function (McClung & Hirsh 1998, Pendelton et al. 2002, George et al. 2005, Andretic et al. 2005, Lima & Miesenback 2005, Kume et al. 2005). Moreover, DA has been shown to be involved in promoting locomotion and exploratory behaviors in other invertebrates species (Sawin et al. 2000, Hills et al. 2004) Anyway, other studies on invertebrates showed that pro-dopaminergic drugs may also reduce locomotor activity, perhaps through some periferical effects (Martinez et al. 1988, Pavlova 2001, Panksepp & Huber 2004, Case et al. 2004, Jorgensen 2004). Interestingly, although the effect of DA on invertebrate locomotor activity is not uniform, the rewarding properties of pro-dopaminergic drugs seem to be common across invertebrates (Torres & Horowitz 1998, Bellen 1998, Wolf 1999, Kusayama & Watanabe 2000, Bainton et al. 2000, Brembs et al. 2002, Panksepp & Huber 2004, Reyes et al. 2005).

A basal forebrain and basal ganglia arousal system

Dopaminergic neurons have their own characteristic functional properties, different from other monoaminergic and cholinergic neurons of the ARAS. If noradrenaline and acetylcholine are more related to sensory arousal and to cortical functions, DA is more involved to behavioral activation and basal ganglia processes (Iversen 1977, Panksepp 1981, 1986, Robbins & Everitt 1982, 1987, Jones 2003). 

The role of DA in the control of movements has long been evident since the discovery of a strong correlation between motor deficits observed in Parkinson’s disease (bradykinesia, difficulties in initiating and completing movements, tremors and muscular rigidity) and nigrostriatal DA degeneration (Bernheimer et al. 1965). 

Dopaminergic receptor stimulation induces hyperactivity and stereotypic behaviors in animals (Randrup & Munkvad 1972, Wise & Bozhart 1987), and may underlie the pathophysiology of dyskinesia (Stahl et al. 1982), Tourette’s syndrome (Butler 1984) and schizophrenia (Snyder 1972). On the other hand, decreased DA receptor stimulation is associated with hypoactivity and catalepsy (Fog 1972, Johnels 1982
).

Experimental lesions of mesencephalic dopaminergic neurons cause profound impairments in motor performance resulting in a general slowness of movement, alteration of orientating behaviors and in adipsia and aphagia (Ungerstedt, 1971,  Ungerstedt et al., 1974, Iversen, 1977, Dunnett & Iversen 1982,  Salamone et al. 1990). When all brain DA is depleted, animals show a global akinesia (Strieker and Zigmond1976
). It has been suggested that lesions or pharmacological blockade of the dopaminergic system produce a kind of sensori-motor neglect, since some movements are possible though they are not made in response to external stimuli that normally elicit them (Wolgin, Cytawa, & Teitelbaum, 1976
, Alheid et al. 1977, Marshall, 1978
, Siegfried & Bures 1979, Ackil & Frommer, 1984; Carli, et al.1985
). 

Although total noradrenaline and serotonin levels in the brain are greater than those of DA, and they are released in larger portions of neural tissue, lesions of noradrenergic and serotoninergic nuclei do not produce the same profound behavioral effects as dopaminergic damage (Jouvet 1972, Jones et al. 1977
, Carli et al. 1983, Cole & Robbins 1992
, Srebro & Lorens 1975, Wirtshafter et al. 1984, Jones 2003). What makes the dopaminergic system so unique is that it innervates basal ganglia’s areas more profoundly than any other ascending reticular neurotransmitter. In fact, the striatum is the major recipient of DA input in vertebrates (Medina & Reiner 1995, Joels & Weiner 2000), and DA projections innervate widely all the other basal forebrain nuclei (Smith & Kieval 2000). Moreover, the amounts of DA in basal ganglia are greater than noradrenaline, serotonin and acetylcholine amount, while the opposite is true for other limbic and cortical areas (Kuhr et al. 1986, Garris et al. 1993, Reiner et al. 1994, Sesack et al. 1998, Mundorf et al. 2001, Moron et al. 2002
). It has also been demonstrated that dopaminergic neurons widely diffuse in limbic basal forebrain areas as the ventral striatum and the extended amygdala (Hasue & Shammah-Lagnado 2002). Then, although recent evidences outlined the importance of dopaminergic release in brain structures as prefrontal cortex (Tzschentke 2001, Nieoullon 2002, Chen et al. 2004), amygdala (Grace & Rosenkratz 2002, See et al. 2003) and hippocampus (Wilkinson & Levin 1999), basal forebrain (especially basal ganglia) must been considered the principal destination of mesencephalic dopaminergic system. 

Dopaminergic modulation of neural activity

As DA binds with its receptors, a cascade of intracellular processes are activated that can influence many neural processes (Missale 1998, Greengard 1999, 2001, Girault and Greengard 2004). DA modulates the activity of ion-channels and neurotransmitter receptors, it regulates gene expression and leads to morfo-functional synaptic changes (Greengard 2001, Wolf et al. 2003, Nestler 2004). Anyway, we will focalize the attention on the role of dopaminergic transmission in the modulation of neural activity, since many behavioral and mental processes derive by this function.

As do other G-protein–coupled receptors (Hille 1994
), dopaminergic receptors regulate neuronal excitability by altering the properties of different voltage-dependent ion channels. Early electrophysiological studies demonstrated that in general DA release depressed spontaneous and evoked cell firing (Siggins 1978, Dray 1980, Yim & Mogenson 1982, Brown & Arbuthnott 1983, Johnson et al 1983, Yang & Mogenson 1984, DeFrance et al 1985b, Chiodo & Berger 1986, Hu & Wang 1988, Nisenbaum et al 1988, Hu et al 1990, Pennartz et al 1992, Wu & White 1994
, Harvey & Lacey 1996, 1997, Nicola et al 1996
, Zhang et al. 2002
). 

The main inhibitory role of dopaminergic transmission raised the issue of how arousal and behavioral activation can emerge from an inhibitory action. This dilemma led to the hypothesis that DA has a disinhibitory role that is obtained by a block of an inhibitory pathway. This hypothesis has been partially confirmed by the fact that the main targets of dopaminergic neurons are basal ganglia GABAergic inhibitory neurons (Graybiel 2001, Groenewegen 2003). Moreover, it was demonstrated that DA decreases the regular burst firing of two output basal ganglia nuclei (the globus pallidus and the substantia nigra) (Bergman et al. 1994, Nini et al. 1995
, Brown & Marsden 1998). Then, it is likely that basal ganglia output nuclei exert an inhibition on behavioral and mental processes (Swansonn 2000) that is removed by dopaminergic transmission.

Anyway, although DA seems to have a prevalent inhibitory action (Harvey & Lacey 1996, 1997, Nicola et al 1996
, Zhang et al. 2002
), many studies have found that under some circumstances DA produces an enhancement of spontaneous and evoked neural activity in striatal as well in cortical neurons (Fuster 1995, Goldman-RakicGonon et al. 1996, Hernandez & Lopez 1997, Hu & White 1997, Gonon 1997
, Cepeda et al. 1998, Lewis & O’Donnell 2000, Nicola et al. 2000,  West & Grace 2002, Chiarara & Grace 2003, West et al. 2003
, O’Donnell 2003, Chen et al. 2004, Islas & Hablitz 2005). 

On the whole data demonstrate that the impact of DA transmission on neural activity is dependent on three main factors: 

1) DA receptors: D2-type receptors appear to have a pronounced inhibitory role, while D1-type receptors can have both excitatory and inhibitory roles (Hernandez & Lopez 1997, Reynolds et al. 2001, Floresco et al. 2001a, b, Chao et al. 2002, West & Grace 2002
).

2) Steady-state membrane potentials: neurons that are already in a hyperpolarized state (down-state) are inhibited by DA, while neurons that have a depolarized state are excited by DA (Cepeda et al. 1998, Nicola et al. 2000, West & Grace 2002).

3) Concentration: evoked concentrations in the range of 600 nanomolar (nM) elicit excitation (Gonon 1997) while higher concentrations inhibit firing rate (Williams & Millar 1990).

The general interpretation of the bidirectional effects of dopaminergic transmission is that DA increments the signal-to-noise ratio in neural networks. In other words, DA may filter spurious activity and suppress background noise, while facilitating and enhancing neural activities related to significant incoming signals (Rolls et al. 1984
, De France et al. 1985, Kiyatkin & Rebec 1996, O’Donnell & Grace 1996
, Nicola et al. 2000, West & Grace 2002, West et al. 2003). The signal-to-noise ratio hypothesis is a computational theory based on the idea that DA facilitates the selection of competing neuronal ensembles in basal ganglia (Pennartz et al. 1994, Redgrave et al. 1999). In such a way, through DA transmission, cognitive representations elaborated in cortical and upper limbic areas activate motor responses in basal forebrain areas (Mogenson et al. 1980, Groenewegen et al. 1996, West et al. 2003, O’Donnell 2003). Along this perspective, DA should act essentially enhancing the salience of top-down signals entering into motor areas (Robinson & Berridge 1998). 

Although not directly arguing against this idea, we would like to show that an alternative perspective is also possible. Instead of considering behavioral arousal as the result of an increased salience of cognitive-perceptive representations, it is also possible to consider the cognitive-perceptive salience deriving from the organism propensity to act into the world. It may be the intention to act that comes first, while the representations connected with this intention acquire consequently a motivational meaning. In this perspective, DA must act firstly inside basal ganglia and basal forebrain areas promoting a kind of activity closely related with movements (intentional or really executed).  As we will show later, this action is realized reducing and gating the amount of cortico-limbic excitatory inputs inside basal forebrain and then promoting a specific basal forebrain oscillatory activity, through which sequences of potential movements can be expressed inside the brain. Anyway, before exploring this alternative view, it is necessarily to present briefly how basal forebrain areas are involved in organization of sequential patterns of activity related with movements.

Basal forebrain and sequential motor patterns

Basal forebrain areas (ventral striatopallidum system, extended amygdala and nucleus of Meynert) (Heimer & Van Hoesen 2006) and dorsal basal ganglia areas represent the deep, subcortical part of the two hemispheres (Swanson 2000). They are constituted mainly by GABAergic inhibitory neurons, which form inhibitory reciprocal networks and send inhibitory output to thalamic, hypothalamic and midbrain nuclei (Delay 1974, Kitai et a. 1981, Berardelli et al. 1998, Kropatov & Etlinger 1999
). Placed between the cortex, the diencephalons and the brainstem, basal forebrain areas and basal ganglia have been considered an inhibitory appendix that tonically suppresses the expression of action patterns (Swanson 2000). Nevertheless, when something perturbs their intrinsic equilibrium, a particular sequence of activity is liberated. Therefore, basal forebrain nuclei have been considered “doors that, when unlocked, may release into action large functions outside them (Llinas 2001).

Across vertebrates, basal ganglia are involved in the expression of sequential species-specific movements which ethologists called Fixed Action Patterns (FAPs) (Lorenz 1950, Tinbergen 1951, MacLean 1990). In rodents, for example, the basal ganglia control instinctive and unlearned sequential grooming movements (Cromwell & Berridge 1996). The homologues of basal ganglia in birds are implicated in highly stereotyped behavioral patterns, as those developed in song learning (Kao et al. 2005, Brainard 2004), while the striatum in reptiles is involved in regulation of social behaviors (Greenberg 2003). In primates and other mammals basal ganglia are intimately involved in movements and cognitive executive processes (DeLong 1990, Graybiel 1995, Gerfen & Wilson 1996
), especially in initiation and expression of the automatic procedural component of them (Graybiel 1998, Jog et al. 1999). Moreover, basal ganglia are strongly involved in the process of learning, when different sequences of actions are linked into a single function unit (Knowlton 1996, Graybiel 1998, Jog et al. 1999, Mandar et al. 1999, Packard & Knowlton 2002, Bayley et al. 2005). 

At the same time, ventral basal ganglia nuclei and the extended amygdala complex are involved in affective regulation and emotional behaviors (Koob et al. 1999, Swanson 2000, Alheid 2003, Heimer & Van Hoisen 2006). Every emotion comprises sequences of fixed action patterns, which are essential for their expression and communication (Darwin 1872, MacLean 1990, Llinas 2001). However, with the exception of specific stereotypic movements, emotions usually regulate behavior in a flexible way, orienting them along specific directions (or goals) without determining them rigidly. Therefore, each emotion comprises a fixed part, which is intrinsically intentional (for example the fixed intentional part of fear is always to put the organism away from the source of danger), and a flexible part characterized by the adaptation of this intention to specific contexts. In our perspective, the intentional fixed part of emotions is constituted of sequential activity patterns (neurodynamic sequences) equipped of an intrinsic affective value, through which flexible behaviors are driven along some specific directions in uncertain environments (see also Llinas 2001). As William James believed that habits free us to think and to react to new events, we think that without them the brain will lose an essential source of energy and orientation, while behaviors and thoughts will become weak. Moreover, these neurodynamic sequences are important in the process of learning too, since their expression permits linking new information into a pre-existing procedural structure.

Neurodynamic sequences and oscillatory rhythms

The existence of repetitive neurodynamic sequences have been recently observed in cortex slices and described with the concept of avalanches (Beggs & Plenz 2003, 2004). Although cortical activity in slices is independent on basal ganglia modulation, preliminary observation demonstrated that the emergence of avalanches is related with the activity of cortical GABAergic interneurons (Beggs & Plenz, poster in neuroscience).  It is then possible to argue that basal ganglia GABAergic neurons share the same functional properties of cortical interneurons. In fact, basal ganglia neurons and cortical GABAergic interenurons derive from the same germinal zone during development (Kriegstein & Noctor 2004). Moreover, the reciprocal connections between basal ganglia and cortex form executive circuits, called basal ganglia-thalamocortical circuits (Alexander et al. 1986, Albin et al. 1989, Joels and Weiner 1994, Pennartz et al. 1994, Smith et al. 1998, Kalivas & Nakamura 1999), involved in complex behavioral and mental processes, as well as in psychiatric diseases (Swerdlow & Koob 1987, Robbins 1990, Owen 1992, Pantelis et al. 1997, Lawrence et al. 1998, Graybiel & Rauch 2000, Overmeyer et al. 2001
, Groenewegen 2003, West et al. 2003).

In our perspective, the release of intentional neurodynamic sequences across the basal ganglia-thalamocortical circuits may be associated with the emergence of specific fast-wave oscillatoy rhythms. In other words, GABAergic basal forebrain nuclei may provide the good rhythm for the manifestations of neurodynamic sequences along basal ganglia-thalamocortical circuits. Some evidences suggest this hypothesis:

1) GABA inhibitory networks (as basal forebrain areas or cortical interneurons) both seems to be involved in the production of sequential activities and present the “strange” property to desynchronize slow-wave oscillations (Slovite 1987) and to promote high-frequency rhythmic oscillations in the gamma band (Llinas et al. 1991, Dodla & Rinzel personal communication).

2) Gamma oscillations facilitate the diffusion of coherent patterns of activity (Freeman 2003, Dhamara et al. in press) and could preside to the emergence of intentional states (Freeman 2003).  

3) Preliminary observations show that avalanches in cortical neurons are amplified during fast-wave oscillations in the gamma range (Beggs & Plenz, personal communication). 

If intentional neurodynamic sequences are released through fast-wave oscillations, basal forebrain and basal ganglia are surely involved in their induction. In fact, in Parkinson disease studies, it has been demonstrated that manipulation of DA transmission inside the basal ganglia or electric stimulation of their output nuclei affect cortical synchronous activity (Buchwald et al. 1961, Dieckman 1968, Brown & Marsdan 1998, Salenious et al. 2002, Devos et al. 2003, Sharott et al. 2005). Generally, it seem that basal ganglia produce, in normal condition, high-frequency rhythms in the gamma band (>60 Hz) favoring the execution of movements (and called prokinetic) (Brown & Marsden 1998, Brown 2003). However, in Parkinson patients or in animal models of this pathology, basal ganglia loss the capacity to generate this rhythms and slower cortical-derived rhythms in the beta range (~15 Hz) prevail (Nini et al. 1995, Bergman et al. 1998, Levy et al. 2000, 2001, 2002, Marsden et al., 2001, Brown 2001, 2003, Priori et al., 2002; Williams et al., 2002, Heimer et al. 2002, Cassidy et al. 2002, Foffani et al. 2003, Silberstein et al. 2003, Goldberg et al. 2002, 2004, Brown et al, 2004, Magill et al. 2004, Sharot et al. 2005, Lee et al. 2005). 

It has recently been shown that basal ganglia can also influence the dynamic oscillations in the hippocampal complex. In fact, high-frequency (100 Hz) electric stimulation of basal ganglia nuclei leads to the generation of theta rhythm in hippocampal complex (Hallworth & Bland 2004). This result is particularly important since theta rhythm in hippocampus has been associated with sensorimotor integration (Kay 2005) and memory process (Bastiaansen & Hagoort 2002, Vertes et al. 2004).

The role of DA transmission

Dopaminergic transmission into the basal ganglia generally produce a de-synchronization of oscillatory rhythms that have a cortical origin (Magill et al. 2000, Tseng et al. 2001, Baven et al. 2002, Brown 2003). In fact, it has been demonstrated that:

1) DA decreases the power and coherence of beta-frequency oscillations (~15 Hz) in basal ganglia nuclei and in the cortex, whereas it promotes the emergence of high-frequency gamma oscillations (>60 Hz) The prevalence of beta rhythm in these circuits is associated with motor impairments characteristic of Parkinson disease, (Deuschl et al. 2000, Vitek & Giroux 2000, Brown 2003, Dostrovski & Bergman 2003, Hutchison 2004), while the execution of movements is associated with the disappearance of slower beta rhythms (Cassidy et al. 2002, Countermanche et al. 2003, Kuhn et al. 2004, Sharot et al. 2005).

2) DA suppresses slow firing oscillations and regular bursting of basal ganglia neurons (~ 1 Hz) in anhesthesized and sleeping rats (Pan & Walters 1988, MacLeod et al. 1990, Murer et al. 1997, Ni et al. 2000, Tseng et al. 2000, 2001). Since this rhythmic burst have been interpreted as the result of spreading of cortical activity into basal ganglia nuclei, the action of DA may be seen as a barrier between cortex and basal ganglia.

3) DA increases the multisecond temporal oscillatory patterns (from ~30 sec to ~ 10 sec) of basal ganglia nuclei’s spike trains, and increases the spectral power of these oscillations (Ruskin et al. 1999, 2001a, b).

Collectively, these findings demonstrate that DA strongly promotes the emergence of characteristic basal ganglia rhythms and their diffusion into the brain. In our opinion, this action should be caused by reducing the amount of cortical and limbic excitatory influences over basal forebrain. Since DA generally suppresses evoked basal ganglia cell firing as well as the release of glutamate in striatal areas (Brady & O’Donnel 2004, David et al. 2005), it may block the spreading of cortical-like rhythms carried by glutammatergic descending projections. The greater autonomy of basal forebrain activity from a top-down control may then facilitate the release of neurodynamic sequences intrinsically related with intentional movements (figure 5). 
SECTION 3: the mesolimbic dopaminergic system and the seeking emotional disposition

Mesolimbic DA system in motivational and rewarding processes

In the previous section we described the role of dopaminergic transmission in promoting behavioral activation and in modulating the expression of intentional behaviors. We defined intentional behaviors as the result of emerging neurodynamic sequences in the basal forebrain and basal ganglia, which express organism impulses to act. When, in dorsal basal ganglia areas and basal ganglia-thalamocortical circuits, these sequences directly produce sequential movements, those movements are expressed in automatic, habitual and stereotypic ways. On the contrary, the neurodynamic sequences generated in the ventral basal ganglia system through the action of DA do not determine, but just orient flexibly the organism behavior, and manifest themselves as a particular emotional disposition to explore, seek and approach. In other words these limbic neurodynamic sequences represent instinctual internalized movements directed to actively investigate elements of the external and internal (mental) environment. They may be considered the dynamic part of every motivated behavior that animals execute in uncertain environment and under unpredicted conditions. In fact, they drive organism to explore and to seek how to reach their goal. 

Binding with perceptual, motor and cognitive representations, the ventral basal ganglia neurodynamic sequences constitute a reward signal. In formal learning model of learning, dopaminergic transmission is considered a prediction error signal promoting a reorganization of the organism’s predictive schemata (express in term of probability) (Schultz & Dickinson 2000, Waelti et al. 2001, Dickinson & Balleine 2002, Schultz 2004, Niv et al. 2005). Anyway, it is hard to imagine the formal structure of these models implemented inside the brain. Moreover, it is very difficult for these theories to explain how the error-signal “backpropagate” in time so it can influence past brain activities (related to predictions), or, more realistically, why these activities are maintained in the brain until the error signal arrives. Avoiding the artificiality of this perspective, we think that mesolimbic DA influence learning simply activating the emotional seeking disposition. In other words, the “seeking neurodynamic sequences” in the limbic basal ganglia-thalamocortical circuit continuously interact with other activities produced inside the brain and related to specific representation of the external as well as of the internal environment. Through this interaction, a bound is formed between them in such a way that the representations linked to the seeking sequences become capable to activate those sequences  in future, acquiring consequently an incentive, motivational value. 
In our opinion, the neurodynamic sequences associated with the seeking disposition are the glue in the process of building stimulus-stimulus or stimulus-response association characteristic of every conditioning paradigm. In fact, differentially from other reward or reinforcement theories, we think that the association between perceptual and motor representation are secondary to the connection that each of them establishes with the seeking disposition. Some evidences support this hypothesis:

1) In classical conditioning, novel or unusual stimuli can be associated with the unconditioned-one, whereas habitual stimuli always present in the familiar environment do not (Rescorla & Wagner 1972). Moreover, it has been demonstrated that operant response for electric brain stimulation are always preceded by some exploratory or investigative behaviors (Ikemoto & Panksepp 1996). Therefore, it is possible to argue that the unconditioned reward promotes the associative learning only if some previous stimuli have activated the seeking disposition before. The reward may be the final positive message of a process that starts before it, and that is constituted by the spontaneous generation of the seeking state. In such a way, when the reward arrives, the reactivation of the seeking state reinforces the activity that was previously related with it. 

2) It has been demonstrated that mesolimbic DA system is active in response to the conditioned stimulus before that animal has been behaviorally conditioned to it (? Have you asked to Robinson where I can find these data?). Therefore, if the conditioned stimulus acquires the property to activate the seeking emotional disposition before the conditioned response is established, we may argue that it is properly the seeking disposition that presides to the response conditioning.

3) The activation of the emotional seeking disposition by particular environmental stimuli facilitates instrumental responding established in other different contexts. For example, Corbit & Balleine (2005) demonstrated that the presentation of a conditioned stimulus enhances instrumental responding also for unconditioned stimuli different from the one the conditioned stimulus had previously been paired with (Corbit & Balleine 2005). Moreover, it has also been shown that an environment associated with food delivery enhances the locomotor activating effects of amphetamine as well as on environment associated with the amphetamine (Yetnikoff & Arvantogiannis in press). In these two cases, the effects of the stimulus (or the environment) on the animal’s performance can’t be explained by direct stimulus-response associations, simply because these associations have never take place.  On the other hand, we can easily explain these results by postulating that associations have been established between the seeking disposition and the operant responses, so these responses are released when that emotive state is active (independently by the stimuli that were originally involved in the generation of that state).

Therefore, the capacity of mesolimbic DA transmission to facilitate the emergence of “seeking neurodynamic sequences” explain its role in behavioral and motivational arousal as well as in learning.

Mesolimbic DA transmission and the seeking emotional disposition

It has demonstrated that microinjections of GABAA receptor antagonists into the VTA, which dishinibit dopaminergic neurons, increase locomotory activity (Arnt and Scheel-Kruger, 1979; Mogenson et al., 1980; Stinus et al., 1982), while rodents learn to self-administer GABAA receptor antagonists (picrotoxin or bicuculline) (David et al., 1997; Ikemoto et al., 1997a) or NMDA agonist (Ikemoto 2004) into the VTA. Conversely, consistent lesions of the mesolimbic DA system strongly reduce or eliminate exploratory and approach behaviors (Koob et al. 1978, Fink & Smith 1980, Robbins & Everitt 1982, Evenden & Carli 1985, Taghzouti 1985, Everitt 1989, Robbins et al. 1989, Pierce et al. 1990, Pfaus & Phillips 1991, Jones & Robbins 1992, Liu et al. 1998). Interestingly, it has also shown that mesolimbic DA depletions or inhibitions disrupt active-avoidance behaviors (Jackson et al. 1977, Brachs et al. 1982, 1984, McCullogh et al. 1993).

Microinjections of dopaminergic drugs into the nucleus accumbens increase locomotor activity and exploratory behaviors (Jackson et al. 1975, Pijnenburg et al. 1973, 1975, 1976, Staton & Solomon 1984, Carr & White 1997, Swanson et al. 1997, Schildein et al. 1998
), conditioned approach responses (Taylors & Robbins 1986, Cador et al. 1991, Kelley & Delfs 1991, Burns et al. 1993
, Wolterink et al. 1993
, Parkinson et al. 1999
, Whyvell and Berridge 2000) and anticipatory sexual behaviors (Everitt et al. 1989, Everitt 1990). By contrary, reducing NAc DA transmission inhibits seeking-approach behaviors in response to reward-associated cues (Blackburn et al., 1992, Di Ciano et al., 2001, Parkinson et al. 2002, De Borchgrave et al. 2002
, Wakabayashi et al., 2004). 

A large body of research has also demonstrated that microinjections of dopaminergic drugs into the NAc have rewarding properties. In facts, animals self-administer drugs that mimic dopaminergic functions (agonist) or that increase dopaminergic transmission directly in the NAc (Hoebel et al. 1983, Phillips et al. 1994, Carlezon et al. 1995, Ikemoto et al. 1997, Ikemoto 2003). Moreover, in conditioned place preference paradigm the animals spend more time in environment associated with injections of psychostimulants and dopaminergic agonists into the NAc (Carr & White 1983, 1986, White et al. 1991, Liao et al. 2000).

Although less extensively investigated, ventral pallidum dopaminergic transmission has similar effects of nucleus accumbens DA. In fact, microinjections of various dopaminergic drugs in the ventral pallidum elicit locomotion and reward-related behaviors (Gong et al. 1996, 1999, Fletcher et al. 1998), whereas ventral pallidum lesions reduce responses for natural and artificial rewards (Hiroi & White 1993, McAlonan et al. 1993, Gong et al. 1997
)

The role of the dopaminergic system is less clear if we consider the dopaminergic projections directed to the prefrontal cortex. On one hand intra-medial prefrontal cortex (mPFC) injections of amphetamine produce moderate increases in open-field activity (Dougherty & Ellingwood 1981, Carr & White 1987, Kelley et al. 1989), while dopaminergic transmission in the prefrontal cortex is involved in the reinstatement of cocaine seeking-behaviors in rats (McFarland & Kalivas 2001, Park et al. 2002, McFarland et al. 2004, Sun & Rebec 2005). On the other hand, microinjections of dopaminergic agonists in the PFC decrease spontaneous, novelty- and psychostimulants-induced locomotor activity (Radcliffe & Ervin 1996, Broersen et al. 1999, Lacroix et al. 2000, Bayer & Stektee 2000). Moreover, Hedou et al. (1999) found significant negative correlation between mesocortical dopaminergic transmission and locomotor activity. Consistent with these findings, PFC DA lesions produce hyperactivity  (Tassin et al. 1978) and have anti-depressive effects (Espejo & Minano 1999, Ventura et al 2002). 

Existng data also contain some contradictory results concerning the role of mesocortical dopaminergic transmission in mediation of reward. Whereas rats self-administer cocaine directly into PFC, and cocaine injected in the mPFC induce CPP (Hemby et al. 1990), neither amphetamine in the mPFC is self-administreted (Goeders et al. 1986), nor does it induce CPP (Carr & White 1986, Schildein et al. 1998
). It has also been shown that lesion of mesocortical projections don’t reduce reward learning (Isaac et al. 1989, Hemby et al. 1992, Shippenberg et al. 1993, Burns et al. 1993, Bussey et al. 1996
) or self-administration of intravenous cocaine (Martin-Iverson et al. 1986, Schenk et al. 1991, McGregor et al. 1996, Weissenborn et al. 1997
).

It is then possible to conclude that there is a difference between dopaminergic transmission into the ventral striato-pallidum complex and that directed to the prefrontal cortex. The first-one is reasonably involved in the direct manifestation of the seeking disposition as it is expressed by exploratory behaviors and reward process. On the contrary, mesocortical DA trasmission is more related to the control, often inhibitory, of this emotion. Indeed, abundant evidences indicate that mesocortical dopaminergic transmission inhibits the DA release in the NAc in response to stress or psychostimulants (Deutch et al. 1990, Karreman & Moghaddam 1996, King et al. 1997, Wilkinson 1997, Jentsh et al. 1998, Ventura et al. 2002). Anyway, we think that attentive and executive functions controlled by mesocortical DA projections (Goldman-Rakic et al. 2000, Nieoullon 2002, Castner et al. 2004, Arnsten & Li 2005) constitute more sophisticated cognitive processes related with the seeking disposition, that need, for correct functioning, an inhibition of overt expression of this emotion.

The nucleus accumbens core/shell distinction in the context of the seeking hypothesis

In the last years, two different subterritories, the shell and core, have been identified in the nucleus accumbens, and they seem related to different motivational and learning functions (Zahm & Brog 1992, Heimer et al. 1997, Zahm 1999, Kelley 1999, Di Chiara 2002). This dichotomy has relevance for understanding mesolimbic functions, since the dopaminergic projections to the shell responds more sensitively than the core to a great variety of stimuli, including drugs of abuse (Di Chiara et al. 1993, Pontieri et al. 1995, Hedou et al. 1999, Heidbreder et al. 1999), restraint and pharmacological stress (Deutch & Cameron 1992, Horger et al. 1995, Kalivas & Duffy 1995, King et al. 1997), food, (Bassareo & Di Chiara 1999) and novelty (Rebec et al. 1997, Rebec 1998, Barrot et al. 2000). Moreover, it has been shown that microinjections of dopaminergic drugs into the medial shell, but not into the core, support instrumental behaviors and conditioned place preference (Hoebel et al. 1983, Carlezon & Wise 1996, Ikemoto et al. 1997, Chevrette et al. 2002, Sellings & Clarke 2003). If it is generally accepted that the shell is involved in mediating the rewarding effects of psychostimulants (Parkinson et al. 1999, Rodd-Hendricks et al. 2002, Ito et al. 2004), there is less agreement concerning the psychomotor activating effects of these drugs. For example, the behavioral activating property has been attributed to an action of psychostimulants in the core (Weiner et al. 1996, West et al. 1999, Boyle et al. 2001, Sellings & Clarke 2003), in the shell (Heidbreder & Feldon 1998, Parkinson et al. 1999, Ito et al. 2004) or in both structures (Pierce & Kalias 1995, Ikemoto 2002). Conversely, it has been clearly demonstrated that the DA transmission in the core is essential for some associative processes, necessary for the establishment of pavlovian or instrumental conditioning (Parkinson et al. 1999, 2000, Hall et al. 2001, Anderson et al. 2001, Hutcheson et al. 2001, Di Ciano et al. 2001).

Interestingly, dopaminergic transmission in the shell of the nucleus accumbens has different characteristics in comparison with the transmission in the core. Basal extracellular dopamine levels are greater in the core and ventral medial prefrontal cortex as compared to shell (King & Finlay 1997, Hedou et al. 1999). However, HPLC in postmortem tissue punches revealed that basal dopamine levels are greater in shell than core, but DOPAC/DAratio is greater in core (Deutch et al. 1992). This paradox could be explained by the fact that, although the total amount of DA could be higher in the shell, the amount of extracellular dopamine could be greater in the core, due to a faster rate of release and uptake. In fact, in vitro voltammetric studies show that the values of DA release and uptake in the shell NAc are approximately one-third of those measured in the core region. The density of [3H]mazindol binding sites in the NAc was examined by autoradiography and the shell was found to have an average of half the number of DA uptake sites measured in the core region (Jones et al. 1996). Together, these findings suggest that dopaminergic transmission in the shell of the nucleus accumbens presents the characteristic of the so-called slow (Greengard 1999), non-synaptic (Vizi et al. 2004) or volume transmission (Sykova 2004, Bach-Y-Rita 2005), while in the core it could be more confined to the synaptic clefts. 

We argue that dopaminergic volume transmission into the shell of the nucleus accumbens could be associated with the generation and the maintenance of the basic seeking emotional disposition. Differently, the dopaminergic transmission into the core may be involved in the expression of this emotion into the basal ganglia-thalamocortical circuits and then in the “control of goal-directed behavior by associative process” (Ito et al. 2004). Since the seeking disposition can be promoted by different neurochemical processes other than DA transmission, dopaminergic lesions into the shell don’t impair positive conditioning learning (Ito et al. 2004). By contrary, DA transmission into the core may be a very important bridge for the expression of the seeking state into the basal-ganglia thalamocortical circuits. Therefore, dopaminergic or excitotoxic lesions of NAc core disrupt Pavlovian approach behavior (Parkinson et al. 2000), conditioned reinforcement (Parkinson et al. 1999) and Pavlovian to instrumental transfer (Hall et al. 2001), while coincident activation of D1 receptors and NMDA receptor in the NAc core is necessary for associative learning (Smith-Roe et al. 2000, Wickens et al. 2003, Hernandez et al. 2005
).

Dopaminergic transmission in the ventral striato-pallidum system 

Although dopaminergic transmission can either enhance (Gonon & Sundstrom 1996), or decrease (De France et al. 1985, White & Wang 1986) firing activities of NAc neurons, synaptic response to amygdala, hippocampus and prefrontal cortex stimulation are attenuated by stimulation of the VTA or local application of dopamine in vivo (Yang & Mogenson 1984, De France et al. 1985, Yim & Mogenson 1988, Brady & O’Donnel 2004). Moreover, acting on D2 receptors, dopaminergic agonists also reduce excitatory accumbens response to PFC stimulation in vitro (Pennartz et al. 1992, O’Donnell & Grace 1994, Harvey & Lacey 1996, Nicola et al. 1996). The inhibitory role of DA is also demonstrated by the fact that dopaminergic transmission diminish glutammatergic release in striatal areas (Bradley et al. 1987, Maura et al. 1988, Harsing & Vizi 1991, Yamamoto & Davy 1992, Donzanti et al. 1993, David et al. 2005), and that psychostimulants produce a general decrease in NAc cell firing (Peoples & West 1996, Peoples et al. 1998, Nicola & Deadwyler 2000).

In our perspective, inhibiting top-down inputs entering into ventral striatum, DA transmission facilitates the emergence of neurodynamic sequences expressing the seeking-emotional disposition. 

This hypothesis that appetitive/seeking states are related with an inhibitory action of DA may be criticized since pharmacological manipulations that inhibit nucleus accumbens neurons (with GABAergic agonists or glutammatergic antagonists) enhance consummatory feeding (Kelley & Swanson 1997, Stardford et al. 1998, Basso & Kelley 1999, Soderpalm & Berridge 2000, Ward et al. 2000, Reynolds & Berridge 2001
), and not appetitive behaviors. Nevertheless, every consummatory behavior has an appetitive aspect, and dopamine transmission is enhanced during feeding and partially control food intake (Hernandez & Hobel 1988, Hoebel et al. 1989, Martel & Fantino 1996a, b, Ragnauth et al. 2000, Kelley & Berridge 2002
, MacDonald et al. 2004). Moreover, the nature of the inhibition induced by dopamine is profoundly different from that induced by microinjection of GABAergic agonists or glutammatergic antagonists. In fact, whereas the later manipulations generally inhibit all nucleus accumbens activities, we think that dopaminergic transmission acts mainly inhibiting cortico-striatal and limbico-striatal synapses, then reducing specifically the amount of excitatory influences. Therefore, gating cortical and limbic excitatory transmission into the NAc, DA may promote a greater autonomy of NAc and of the ventral striato-pallidum complex. 

In line with the signal-to-noise ratio hypothesis (De France et al. 1985, Kiyatkin & Rebec 1996, Nicola et al. 2000), DA may reduce or suppress responses to weak and irrelevant inputs, while facilitating responses to robust and convergent stimulation (Mogenson et al. 1988, Pennartz et al. 1994, O’Donnell & Grace 1996, Nicola & Malena 1997, Groenewegen 1999). The amplification of specific signals together with a general reduction of excitatory accumbens transmission perturbs the inhibitory equilibrium of NAc neural ensembles and promotes the release of  neurodynamic sequences associated with the seeking emotional disposition.
Phasic and tonic dopamine transmission

A general agreement between researchers concerns the role of transient (or phasic) dopaminergic transmission in the process of reward (Grace 1993, 2000, Wightman & Robinson 2002, Self 2003). Phasic transmission is a short-lasting and impulse-dependent release, which usually appear in consequence of neural burst firing (Gonon 1988, Suaud-Chagny et al. 1992
). After these bursts, high levels of dopaminergic molecules are released into the synaptic cleft (at hundreds of micromolars or even millimolars concentration) (Garris et al. 1994), but are also rapidly removed via a fast re-uptake system.

It has been shown that the unpredicted presentation of salient stimuli, rewards or reward-associated cues induces a burst firing in dopaminergic cells (Miller et al. 1981, Freeman et al. 1985, Steinfels et al. 1983, Schultz et al. 1997, Horvitz 1997, Schultz 1998
) and an increase in phasic dopaminergic transmission into the nucleus accumbens (Wightman & Robinson 2002). Moreover, the electric stimulation of the medial forebrain bundle is also a rewarding signal that is mediated, at least partially, by transient dopamine release (Wise 2005).

Since phasic dopamine is released also before the execution of goal-directed movements, when animals are seeking for specific rewards (Phillips et al. 2003, Roitman et al. 2004), it seems to be an important component in promoting both reward-related learning (Reynolds et al. 2001) and motivated behaviors (Phillips et al. 2003, Ghitza et al. 2005). In our hypothesis, phasic DA is a powerful activator of “seeking neurodynamic sequences” in ventral basal ganglia, generating transient gamma-wave and other basal forebrain characteristic oscillations and their diffusion in basal ganglia-thalamocortical circuits. Moreover, transient DA is very important in reward-related learning, since it is temporally coincident with glutammatergic inputs that descend from limbic areas into the nucleus accumbens and may strengthen functional associations between the limbic lobe and the basal forebrain (O’Donnell 2003).
Since phasic DA is liberated after neural burst activity, some researchers concluded that an increase in dopamine cell firing is an index of a sensitized reward or motivational function (Marinelli & White 2000, Vezina 2004). However, the correlation between DA cell firing (and bursting) and motivational arousal is problematic if we consider the following evidences:

1) Psychostimulants, which have rewarding and activating properties, produce an increase in tonic dopamine release in terminal field, but a decrease in the mean firing of dopaminergic neurons (Westernick et al. 1987, Jones et al. 1998). 

2) There are not variations through the sleep-wake cycle in term of dopaminergic cell firing (Trulson et al. 1981, Steinels et al. 1983, Miller et al. 1983, Trulson & Preussler 1984
). Most of the experiments find a constant percentage of bursting activity between awakening and anaesthetized animals (Hyland et al. 2002), while in some cases chloral hydrate administration can cause even an increase in burst activity (Steinfels et al. 1981
). Therefore, firing and bursting activity can’t explain alone the behavioral activation properties of mesolimbic dopaminergic system, which are closely associated with the process of reward (Wise & Bozarth 1987).
In conclusion, mean firing and bursting activity of mesolimbic dopamine system can’t be used as an absolute measure of motivation and rewarding processes. In contrast, the slow-changing concentrations of dopamine (tonic release) into the ventral-striatal complex are always related with the motivational and arousal state of the animal. Tonic dopamine levels exist in very small concentrations (into the nanomolar range), vary slowly in time and diffuse into the extracellular space out of the synaptic clefts (Grace 2000). As measured with microdialysis technique, tonic dopamine into the nucleus accumbens always arises in aversive, novel, rewarding and salient situations as well as after the administration of psychoactive drugs (Thierry et al. 1976, Roth et al. 1988, Robinson & Berridge 1998, Ikemoto & Panksepp 1999, Cousin et al. 1999, Di Chiara et al. 1999
). Moreover, tonic levels of dopamine are sensible to the variation along the sleep-wake cycle, so they are highly correlated with behavioral arousal (Trulson et al. 1985, Smith et al. 1992, Feenstra et al. 2000, Lena et al. 2005
).

We can then rightly conclude that tonic mesolimbic transmission is more strictly associated with the expression of the seeking state, while the bursting activity of DA neurons is concurrent to the presentation of unpredicted stimuli that attract the attention or are rewarding (Schultz 1997, Horvitz 2000). Moreover, tonic dopamine constantly inhibits the firing of DA neurons acting on D2 autoreceptors located both in terminal projections and in the soma (Schmitz et al. 2003). However, it is necessary to underline that inhibiting burst and firing activity don’t mean necessarily inhibiting phasic DA release, as most influential theory suggests (Grace 2000). In fact, phasic dopamine release depends on cell firing as well as on the quantity of molecules (quanta) released per impulse. Therefore, although we know that tonic DA inhibits dopaminergic cell firing, we don’t know the effect of tonic DA on impulsed-released molecules. It is possible to hypothesize that, reducing the excitability of DA cells, tonic DA transmission may increase the quanta of released DA. The plausibility of this hypothesis is suggested by the fact that continuous electric stimulation of dopaminergic neurons lead to a progressively decrease in impulse-released DA quanta (Garris et al. 1999). So, if increased excitability diminishes the power of each impulse, why don’t argue that a less excitable system (through the action of tonic dopamine levels) may be characterized by a greater power of each impulse?  Moreover, it has been demonstrated that the administrations of psychostimulants (which reduce the mean firing of dopaminergic neurons) increase the rewarding properties of electric brain stimulations (Wise 1996). We can then argue that this effect is mediated by an increase in phasic dopamine release per impulse.

In conclusion, our hypothesis permits an explanation of the motivational properties of tonic DA levels based on a complex modulation of phasic DA release. Quanta of DA released per impulse may be increased, while electric activity is inhibited by tonic DA. Consequently, we will have a less excitable but, at the same time, a more powerful dopaminergic system capable, for each impulse (and burst), to release greater quanta of phasic DA. Therefore:

1) the ventral basal ganglia activity will become more dependent on dopamiergic cell firing, since each dopaminergic impulse will cause greater DA release and greater post-synaptic effects.

2) Although more rare, bursting of DA neurons will promote stronger transient gamma oscillations, through which seeking neurodynamic sequences are generated.

SECTION 4: MESOLIMBIC DOPAMINE AND DRUG ABUSE

Backgrounds

Drug abuse has been defined as “a chronically relapsing disorders, in which the addict experiences uncontrollable compulsion to take drugs, while simultaneously the repertoire of behaviors not related to drug seeking, taking, and recovery, declines dramatically” (White 2002).

The development of addiction is attributed to the action of drugs inside the brain (Leshner 1997). Chronic use of drug causes permanent neural changes, which have been identified at different levels of analysis, from molecular and cellular level to neural circuits (Hyman & Malenka 2001, Everitt & Wolf 2002, White 2002, Nestler 2004, Koob et al. 2004, Robinson & Kolb 2004). The major goal of researchers is to individuate the chains of events that lead from a molecular action of drugs to the establishment of compulsive habits. An important loop of this chain is surely the mesolimbic DA system. In fact, the most common drugs of abuse stimulate the mesolimbic dopamine transmission, which modulates both the rewarding and the psychomotor arousal effects (Wise & Bozhart 1987, Di Chiara & Imperato 1988, White 1996). Moreover, repetitive stimulation of DA transmission produces permanent functional changes inside the mesolimbic system and in basal ganglia-thalamocortcal circuits (Berke et al. 1998, Robinson & Kolb 1999, Nestler 2001a, 2004, Hyman & Malenka 2001, Koob & LeMoal 2001, Li et al. 2003, Kalivas 2003). Therefore, drug-induced abnormal stimulation of dopaminergic transmission produce long-term changes in circuit connectivity altering the evolution of neural activity patterns inside them. Through these complex reorganizations, drugs gradually acquire a tremendous motivational power, while the organism becomes captured by drug-related activities.

Affective-homeostatic perspective. The first studies on drug abuse in the sixteenth and seventeenth considered dependence as the cardinal feature of the disease. Dependence is the physiological state of organisms necessitating continuous drug intake to avoid withdrawal symptoms. In the “opponent process theory”, Solomon proposed to consider drug abuse as a homeostatic imbalance caused by compensatory adaptations to chronic drug usage (Solomon 1977).

This perspective has been adopted more recently by George Koob and coworkers, which individuated the neurochemical processes directly involved in generating dependence (Koob & LeMoal 1997, 2001, Koob 2003). Essentially, they consider drug abuse a “hedonic homeostatic dysregulation” and underline the cyclic and progressive nature of the disease. In fact, chronic drug intake causes a pathological alteration of the reward state, characterized by a decrease in the normal reward functioning, and caused by a mesolimbic DA hypofunctionality. Together with a sensitization of the brain stress circuit, the reward deficit throws organisms into a “spiraling distress cycle”, since drug become necessary to restore the normal homeostatic state. Moreover, the individual vulnerability to become addicted is viewed as the result of an endogenous deficiency in the reward state, which organisms try to compensate using drugs. Therefore, the “self-medication hypothesis” (Markou et al. 2001), as well as the “reward deficiency hypothesis (Commings & Blum 2000), look at drug-taking behaviors as instrument of self-regulation and underline the relevance of affective feelings as signals of internal states. Stimulating particular neurochemical systems drugs permit to reach and maintain “optimal levels of arousal” associated with pleasure (Hebb 1955). More specifically, all drugs stimulate the mesolimbic DA system (Wise & Bozarth 1987), so individuals with a deficiency in DA transmission should be particularly sensitive to their rewarding effects.

Neurocognitive behaviorism. Despite its theoretical strength and many empirical confirmations, the affective theory of drug abuse has been diffusely criticized, since it fails to explain why “after prolonged drug-free periods, well after the last withdrawal symptom has receded, the risk of relapse, often precipitaded by drug associated cues, remains very high” (Hyman 2005). Moreover, in animal models, re-exposure to drugs or drug-related stimuli reinstates drug-seeking behaviors more strongly than withdrawal (Stewart & Wise 1992
). The relevance of relapses is often utilized by neurocognitive behaviorists (see section 1) against affective theories, since that phenomenon is interpreted as the result of unconscious associative memories that, once activated, drive mechanistically the behaviors of addicts.  For those reasons, most researchers have today adopted a mnestic perspective, considering addiction a “pathological usurpation of the mechanisms of reward-related learning and memory” (Hyman 2005, but see also Di Chiara 1999, Berke & Hyman 2000, Nestler 2002b, Robbins & Everitt 2002). This interpretation has received strong support by molecular studies in which emerged that many molecular pathways are common in addiction and memory processes (Nestler 2002). 

The relevance given to associative learning processes overlaps with the emphasis given to the overt behavioral level of analysis as the unique level for a scientific research. In fact, “drug addiction, like all other psychiatric disorders, is diagnosed today solely on the basis of the behavioral abnormalities that patients exhibit” and is defined “as compulsive drug seeking and taking despite adverse consequences or as loss of control over drug use” (Nestler 2001 a). 

The incentive sensitization hypothesis. Neurocognitive behaviorism misses to consider two important aspects of drug addiction:

1) The unconditioned effects of drugs (in other words, the capacity of psychoactive drugs to activate specific behaviors and internal states, as subjectively reported in humans).

2) Individual vulnerability (that is the individual predisposition to develop compulsive consumption of drug once having been in contact with it).

A renowned attempt to integrate the neurocognitive behavioristic approach in a motivational perspective capable to adequately affront the over-mentioned problems has been done by Robinson & Berridge (1993, 2000, 2003). They argued that repetitive drug use cause a sensitization of the mesolimbic DA system, which is involved in mediating the incentive salience of external stimuli. Therefore, addiction results from an “incentive sensitization” of drugs and drug-related stimuli, which profoundly alter the motivational landscape and the behavioral repertoire of organisms.

The concept of sensitization was originally utilized to describe the fact that application of electrical stimuli induces a progressively excitable neuronal locus. This locus shows an enhanced sensitivity to subsequent application of the original stimulus, or associated cues (Goddard et al. 1969, Janowski et al. 1980
). Therefore, a sensitized dopaminergic system should have an enhanced tendency to fire in the presence of particular conditions. Coherently with this hypothesis, molecular and cellular adaptations responsible for a sensitized dopaminergic activity have been found in the VTA, (Vanderschuren & Kalivas 2000, Vezina 2004) or along dopaminergic projections, where a subsensitivity of D2 autoreceptors  has been described (White & Wang 1984
, Volkow et al. 2002). Moreover, repetitive administration of psychostimulants causes an increased activity of midbrain dopaminergic neurons (White & Wang 1984, Henry et al. 1989, Wolf et al. 1993
). 

However, since the molecular change responsible of sensitization produce a persistent increase in the excitability of dopaminergic neurons, the incentive sensitization hypothesis can’t explain why addicted show sensitized response only to drug-related stimuli and not to other natural motivational stimuli. In fact, the interest for drug-unrelated activities is extremely low in drug-addicts.

The seeking-disposition perspective. In our perspective, the rewarding effect of psychostimulants and part of the rewarding effect of other drugs depends on a dopamine-mediated activation of the seeking emotional disposition (Panksepp et al. 2002, 2004). This activation is responsible of both the rewarding-mnestic process and the motivational-arousal process (see third section). In fact, the association between the seeking state and drug-related stimuli determines the capacity of those stimuli to activate the same disposition in future, also after a long period of withdrawal (relapse). 

In our model, novel environments enhance the rewarding and psychomotor activating properties of drugs (Badiani et al. 1995, 1998, Badiani & Robinson 2004) since the presence of novelty makes drug acting on an already-active disposition evolved to drive organism exploring and seeking in novel and uncertain environments. Moreover, individual vulnerable to develop addiction show a greater behavioral activity and exploration both after drug-intake and in novel environments (Piazza et al., 1989) demonstrating a higher reactivity of the seeking system in those condition. However, as we will show later, the increased dopaminergic responsiveness in vulnerable organisms (Bradberry et al. 1991, Hooks et al. 1992, Rouge-Pont et al. 1993) may be explained by a deficit of auto-inhibitory mechanisms consequent to an endogenous hypofunctional mesolimbic DA system and a blunted motivational energy.

Individual vulnerability and the rewarding effects of drugs

The problem of the rewarding effects of drugs (that is why some pharmacological agents are consumed by humans and animal) is intrinsically linked to the problem of individual vulnerability to addiction. In fact, the same drug may have a rewarding effect on some individuals and not in others. Therefore, reward is not only the molecular mechanism activated by drug but the product of complex interactions between the organism and the drug or, better, a reaction of the organism to drugs. 

Human families studies demonstrated that addiction vulnerability is influenced both by genes and environmental conditions (Uhl 1999, 2002, True et a. 1999, Vanyukov & Tarter 2000). The interaction of these two factors leads to specific neurobiological functional organization (phenotype), differentially reacting to drug consumption. The existence of an individual vulnerability to drug abuse has been demonstrated in animals, which are both genetically (Carney et al. 1991, Belknap et al. 1993, Meliska et al. 1994) and environmentally predisposed (Bowling et al. 1993, Bowling & Bardo 1994, Cabib et al. 2000, de Jong & Kloet 2004, Nader & Czoty 2005) to became addicted.  The main goal is to individuate which factors characterize “vulnerable phenotypes” in comparison with “resistant phenotypes”. In searching for these factors, it is important to operate a distinction between processes by which the vulnerability is manifested once the organism takes drug, and underlying processes that only potentially predispose to become addicted.

It is generally accepted that one of the main factors predictive of future drug intake is the sensitivity to experience greater effects after drug use (Seale & Carney 1991, Brunelle et al. 2004, Uhl 2005). A considerable variation has been demonstrated regard  individual sensitivity to drugs in both human and animals (de Wit et al. 1986, O’Brian et al. 1986). In rats, organisms more vulnerable to develop self-administration behavior show higher levels of behavioral activation after drug intake (Piazza et al. 1989). This effect is explained by a greater response of mesolimbic dopaminergic system after an acute dose (Bradberry et al. 1991, Hooks et al. 1992, Rouge-Pont et al. 1993, Piazza & LeMoal 1996, Zocchi et al. 1998, Robinson & Berridge 2000
). In fact, both rewarding and activating properties of drugs derive from the stimulation of the mesolimbic dopaminergtic system (Wise & Bozarth 1987), which is part of the emotional seeking system
 (Panksepp 1998, Ikemoto & Panksepp 1999). 

It has also been noticed that after chronic psychostimulant use, organisms usually show an increased behavioral (in term of locomotory activity) and biochemical (in term of mesolimbic DA release) response to subsequent administration of drugs (Paulson & Robinson 1995, Pierce & Kalivas 1997, Pierce & Bari 2001, Vezina 2004). These changes have been defined, respectively, “behavioral sensitization” and “biochemical sensitization”. 

Interestingly, animal studies demonstrated that vulnerable individuals show higher locomotor and exploratory activity in novels environments (Piazza et al., 1989, Rouge-Pont et al. 1993, Deroche et al., 1995; Grimm and See, 1997; Pierre and Vezina, 1997
, Kabbaj et al. 2000, Marinelli & White 2000, Shimosato & Watanaba 2003, Orsini et al. 2004), and demonstrate a preference these environments  (Dellu et al. 1996, Stansfield et al. 2004). On the other hand, human studies demonstrated that children with higher motor activities during concentration tasks are more vulnerable to addiction compared with others (Moss et al. 1992).

In conclusion, the individual vulnerability is expressed through an increased mesolimbic responsiveness to drugs, which determine greater behavioral activation and rewarding effects. Since this enhanced responsiveness is expressed also in novel environments and after stress, it is generally considered an index of an endogenous hyperexcitability of the mesolimbic system and, consequently, of the seeking emotional disposition. 
Predisposing factors

The increased behavioral responsiveness to drugs and novelty, together with the enhanced release of mesolimbic DA after an acute dose have been considered the result of an endogenously sensitized mesolimbic DA system (Marinelli & White 2000, Robinson & Berridge 2000, Vezina 2004). Together with the drug-induced sensitization, also the endogenous sensitization has been attributed to a potentiation of glutammatergic synapses on dopaminergic neurons into the VTA (Ungless et al. 2001, Saal et al. 2003
). Moreover, rats selected for high responsiveness to novelty and psychostimulant (high responders or HR) present an increased firing and bursting activity of mesolimbic dopaminergic neurons in basal conditions compared with low responders (LR) (Marinelli & White 2000). 

Nevertheless, in our opinion, the proposed correlation between the increased responsiveness to drugs and a general sensitized DA transmission can’t adequately explain the problem of vulnerability. In fact, it is necessary to consider that:

1) The firing and bursting rate of dopaminergic neurons may not be necessarily correlated with DA transmission in terminal areas.

2) An enhanced responsiveness of mesolimbic DA to some stimuli (drugs and novelty) doesn’t mean necessarily that the system is generally more active in basal condition.

3) The endogenous sensitization hypothesis doesn’t explain the high percentage of commorbidity between depression and addiction (Ahmed et al. 2001, Helmus et al. 2001, Cardenas et al. 2002). 

Regard to the first problem, in a very elegant experiment, Chefer and collegues (2003) demonstrated that rats highly responsive to novelty (HRs) and strongly predisposed to develop self-administration for psychostimulants (essentially the same rats of Marinelli & White) have a slower rate of dopamine release and uptake in the nucleus accumbens compared with low responders (LRs). Then, the greater impulse activity of dopaminergic neurons (Marinelli & White 2000) is coincident with a less rapid dopamine transmission in projection areas (Chefer et al. 2003). In searching for an explanation of this paradoxical result, it is necessary to consider that despite burst firing cause big quantity of transient DA release (Grace 2000, Wightman & Robinson 2002), an increased persistent tendency to fire may also induce a progressively decrease of DA quanta released per impulse. This hypothesis has been demonstrated by Garris and coll. (1999), which stimulated electrically the mesolimbic dopamine system and observed a progressive reduction of DA released after each stimulation. If the quanta of molecules released per impulse strongly diminish, the total amount of impulse-dependent DA release may be smaller also in a more electrically active system.

The experiment of Chefer and collegues should be considered in comparison with a large amount of data showing that organisms predisposed to addiction have an endogenous hypofunctional mesolimbic DA transmission. In laboratory animals, low basal levels of mesolimbic dopamine seems to be related to drug-seeking behaviors, either in individuals with genetic- and history-induced vulnerability (Nestler 1993, Gardner 1999) or in acute withdrawal from drugs (Parsons et al. 1991, Weiss et al. 1992). Mice of the C57 inbred strain, which are utilized as animal model of addiction and depression (Carney et al. 1991, Seale & Carney 1991, Belknap et al. 1993a, 1993b, Meliska et al. 1994, Cabib et al. 2000, Ventura et al. 2002, Alcaro et al. 2003), also show many signs of a dopaminergic hypofunctionality compared with the DBA “resistant strain” (Kellog 1976, Kempf 1976, George et al. 1995, Misra & Pandey 2003). 

The relevance of those experimental evidences strongly suggest to take seriously into account the question of the coexistence between an endogenous hypofunctionality of the mesolimbic system and its enhanced responsiveness to certain kind of stimuli. Interestingly, the two opposite phenomena also develop together after repetitive drug intake. In fact, tolerance and sensitization both are induced by chronic drug use, being the first caused by a mesolimbic DA deficit (Koob & Le Moal 1997, 2001, Nestler 2001b, Volkow 2002, Barrot et al. 2002, Aston-Jones & Harris 2004) and the second by a hyperesponsiveness of the same neurochemical system (Bradberry et al. 1991, Hooks et al. 1992, Rouge-Pont et al. 1993, Piazza & LeMoal 1996, Zocchi et al. 1998, Robinson & Berridge 2000). If they develop together after an history of drug consumption, they may also coexist in vulnerable individuals who never experienced drugs before. Moreover, although they seem regulated by different molecular pathways (Nestler 2001), their coexistence may be an indication of some reciprocal hidden link. Therefore, instead of asking if a vulnerable phenotype is characterized by an hypofunctional or hyperfunctional mesolimbic DA system, we can assume that both perspective are partially true and propose a different way to look at these phenomena. In other words, we may ask which processes may be responsible at the same time of an increased responsiveness of the mesolimbic system to some kind of stimuli and of its general hypofunctionality in basal condition.

A unifying hypothesis

The hypothesis we are presenting in this paragraph is still an incomplete suggestion, which needs greater theoretical and practical efforts. Nevertheless, its potential value may be relevant since it permits a unification of different experimental evidences appearing contradictory in a first look. We will focalize mainly on processes internal to the mesolimbic dopaminergic system, trying to paint a coherent picture of the “vulnerable and resistant mesolimbic dopaminergic phenotype”. This picture will describe a simplified reality, without taking into account the processes outside the mesolimbic system, which may act on it and have a causal relevance. 
We think that addiction vulnerability may originate from an endogenous hypofunctionality in tonic mesolimbic DA transmission, which probably has a developmental origin. This deficit predispose to a reduced development of self-inhibitory mechanisms inside the mesolimbic system (1) and to a prevalence of glutammatergic transmission inside the VTA and into the NAc (2). We will start describing the second effect, since it is usually interpreted as a sign of a sensitized mesolimbic DA function, while we think it is not.

Considering only fast-neurotransmission (Greengard 1999), two source of input reach dopaminergic neurons into the VTA: glutammatergic and GABAergic. The first-ones originate mainly in cortical and higher limbic structures (prefrontal cortex, hippocampus, amygdala), the second-ones in basal forebrain areas, basal ganglia and midbrain. Glutamatergic inputs have an excitatory influence and stimulate DA cell firing and bursting (Overton & Clark 1997, Hyland et al. 2002). Nevertheless, although transient glutammatergic stimulation increases phasic DA transmission in terminal areas (Gonon 1988), a persistent increase in glutammatergic transmission inside the VTA might be responsible of a progressive blunted mesolimbic DA transmission. In fact, an increased mean firing of DA cells produce a progressive reduction of quanta of DA released per impulse (Garris et al. 1999). Moreover, in an informational perspective the bursts associated with salient stimuli will have a lower relevance in a system more active in basic conditions, compared with those emerging in a less active system (signal-to-noise ratio). Therefore, if glutammatergic inputs prevail inside the VTA, the mean electric activity of mesolimbic neurons will be enhanced, but the power of postsynaptic mesolimbic phasic DA transmission will be reduced. 

A potentiation of glutammatergic transmission inside the VTA (and into the NAc) may also cause the spreading of slow-wave cortical rhythms inside midbrain and basal ganglia. The increased bursting activity of dopaminergic neurons revealed by Marinelli & White (2000) may then be consequent to the diffusion of cortical and limbic synchronized activity, as manifested also in dopaminergic cells of animals treated with chloral hydrate (Steinfels et al. 1981) and in basal ganglia output nuclei of Parkinsonian patients (Wichman & De Long 2003). 

Therefore, if transient bursts and phasic DA release is an arousal signal related with salient stimuli (Schultz et al. 1997, Horvitz 2000), the general enhancement of glutammatergic transmission inside the VTA and the increase in the mean firing of dopaminergic cells may indicate a motivational and arousal deficit. In fact, these conditions reveal the existence of a gap between the electric activity of dopaminergic neurons, which is enhanced in vulnerable individuals, and the process of DA release, which is not or, by contrary, which is reduced (Kellog 1976, Kempf 1976, Nestler 1993, Gardner 1999, Chefer et al. 2003).

On the other side, GABAergic projections into the VTA exert a general inhibition over dopaminergic cell firing (Hyland et al. 2002) and may potentiate the diffusion of basal forebrain and basal ganglia oscillations. Under GABAergic control, the mesolimbic system may be regulated by those neurodynamic patterns we have considered the functional structure of intentional behaviors (see section 3). Moreover, keeping the dopaminergic neurons in a hyperpolarized state, GABAergic inputs may permit the progressive accumulation of DA molecules in presynaptic vescicles and the increase of quanta of DA released per impulse. By potentiating the phasic DA release per burst, the mesolimbic system will be less excitable but more powerful, since each burst will produce greater effects into projection areas.

Therefore, it is possible to hypothesize that vulnerable individuals are generally characterized by a prevalence of glutammatergic cortical-like inputs and a deficiency of GABAergic subcortical inputs reaching the mesolimbic system. In our perspective, this imbalance will cause a reduced efficiency in phasic DA transmission and a lower capacity in generating neurodynamic sequences related with the seeking state. Moreover, we think that this imbalance is caused by a general deficit of tonic DA transmission, which has been individuated in some animal studies (Kellog 1976, Kempf 1976, George et al. 1995, Misra & Pandey 2003, Chefer et al. 2003). In fact, DA transmission usually reduces the amount of glutammatergic transmission and the responsiveness of neurons to excitatory signals, being a blocking gate for glutammatergic input (see section 2). 
This tonic dopaminergic deficit probably emerges during development and may be masked by the reduced expression of self-inhibitory mechanisms inside the mesolimbic system. These compensatory adaptations increase the levels of tonic dopamine but at the same time enhance the influence of glutammatergic control over the mesolimbic system. In fact, losing the ability to self-regulate its own activity, the mesolimbic dopaminergic system will be strongly controlled by glutammatergic regulatory loops involving higher cortical and limbic structures. In other words, mesolimbic DA system of vulnerable individual will be at the same time more excited by glutammatergic input and less capable to self-regulate their own activity. Therefore, the presence of particular category of stimuli (such as drugs or novelty), which for their nature destabilize the normal activity in higher order structures, will cause greater dopaminergic activations.
The idea that enhanced responsiveness to drug is caused by self-inhibitory deficit is demonstrated in different studies. Reduced expression or functionality of D2 receptors have been individuated both in vulnerable and already addicted subjects (White & Wang 1984, Cabib et al. 2002, Volkow et al. 2002). Mice of the C57 strain (the vulnerable phenotype) not only show lower levels of D2-autoreceptors in the VTA (Puglisi-Allegra & Cabib 1997), but also a minor concentration of dopamine transporter proteins (DAT) (which are responsible for the re-uptake of extracellular DA) in ventral striatal areas in comparison with the DBA resistant mice (Janowski et al. 2001). Moreover, maternal separated rats, which are also more vulnerable to addiction, show consistent lower levels of DAT in adulthood compared with controls and this characteristic has been related to greater responsiveness to drugs and stress (Meaney et al. 2002). Therefore, our perspective add to these evidences the idea that the self-inhibitory deficit may be caused by an endogenous dopaminergic hypofunctionality and that this hypofunctionality is expressed in an increased glutammatergic control over mesolimbic activity. 
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� Nevertheless, many experiments have showed the involvement of mesolimbic dopaminergic transmission also in the consummatory phase of motivated behaviors, as, for example, in feeding (see MacDonald et al. 2004 for a review).
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� Comparative studies in vertebrates have demonstrated the loss of some dopamine (and noradrenaline) cell groups in amniotes compared with anamniotes, especially in the hypothalamic periventricular region (Gonzalez and Smeets 2000).
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� It is certain that different drug of abuse produce an increase in extracellular concentration of mesolimbic DA (Wise & Bozarth 1987, Di Chiara & Imperato 1988, Pontieri et al. 1995�, Carlezon & Wise 1996, Wise 1996, Di Chiara 1996, 1997, Fredholm & Svenningson 2003�). While stimulant drugs exert a direct action on dopaminergic neurons, the other non-stimulant compounds interact with a variety of receptor systems, which ultimately stimulate mesolimbic DA (Gardner 2000�). Stronger causal evidence of a DA-reward relationship came from experiment with psychostimulants, which showed that dopaminergic antagonists (Davis & Smith 1975, de Wit & Wise 1977, Ettenberg et al. 1982, Bergman et al. 1990, Vorel et al. 2002) or neurotoxic lesion of dopaminergic pathways (Roberts et al. 1980, Caine & Koob 1994�) attenuate self-administration in animal models and reduce euphoric states in humans (Sherer et al. 1989, Newton et al. 2001). Moreover, in human studies the self-reported high after cocaine consumption has been associated with increased brain activation of the VTA (Breiter et al. 1997) and levels of DAT occupancy in the striatum (Volkow et al. 1997), while euphorigenic effets of amphetamine has been associated with ventral striatal dopamine release (Drevets et al. 2001). Although the causal role of the mesolimbic dopamine system in the rewarding properties of oppioids, alcohol and nicotine has also been demonstrated in some cases (Bozarth 1987, Samson et al. 1992, Bals-Kubik et al. 1993, Shippenberg et al. 1993, Maldonado et al. 1997, Hodge et al. 1997�, Di Chiara 2000), other experiments showed also a non-effect (Ettenberg et al. 1982, Pettit et al. 1984, Van Ree & Ramsey 1987, Dworkin et al. 1988, Rassnick et al. 1993, Ikemoto et al. 1997�, Spanagel & Weiss 1999). Therefore, if mesolimbic dopamine transmission is essential in mediating the rewarding properties of psychostimulants, other psychoactive drugs exert their rewarding effect either via dopaminergic pathways or via non-dopaminergic pathways.
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