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Abstract

A recently developed anatomical model describes how the intensity of reward-seeking
and misery-fleeing behaviours is regulated. The first type of behaviours is regulated within
an extrapyramidal cortical–subcortical circuit containing as first relay stations, the caudate
nucleus, putamen and core of the accumbens nucleus. The second type of behaviours is
controlled by a limbic cortical–subcortical circuit with as first stations, the centromedial
amygdala, extended amygdala, bed nucleus of the stria terminalis and shell of the
accumbens nucleus. We hypothesize that sudden cessation of hyperactivity of the first
circuit results in feelings of pleasure and of the second circuit in feelings of happiness.
The insular cortex has probably an essential role in the perception of these and other
emotions. Motivation to show these behaviours is regulated by monoaminergic neurons
projecting to the accumbens from the midbrain: dopaminergic ventral tegmental nuclei,
adrenergic locus coeruleus and serotonergic upper raphe nuclei. The activity of these
monoaminergic nuclei is in turn regulated through a ventral pathway by the prefrontal
cortex and through a dorsal pathway by the medial and lateral habenula. The habenula
has this role since the first vertebrate human ancestors with a brain comparable to that of
modern lampreys. The lateral habenula promotes or inhibits reward-seeking behav‐
iours depending upon the gained reward being larger or smaller than expected. It is
suggested that the ventral pathway is essential for maintaining addiction based on the
observation of specific cues, while the dorsal pathway is essential for becoming addicted
and relapsing during periods of abstinence.
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1. Introduction

The dominant view on the neuro-pathology of addiction is that of deficient control processes
resulting from impaired prefrontal cortex function and increased saliency of drug-related cues
over normal rewarding stimuli [1]. The latter results from altered reward processing in the
ventral striatum [1]. An important starting point in this respect has been the work of Koob [2,
3], who integrated knowledge from different fields of science in order to describe a scheme for
the neuro-circuitry of addiction. An important component of the work of Koob [4] is the
characterization of anti-reward or negative reinforcement in particularly in the more ad‐
vanced stages of addiction. In his work, he assigns a major role to the activation of the brain
stress systems, the amygdala, in particular, in addiction. In line with Koob’s work, we pro‐
pose additional neuro-circuitry to be involved in addiction. In this review, we apply a neuro-
evolutionary  approach to  addiction,  in  order  to  identify  potential  additional  subcortical
structures that might have relevance for addiction.

Two basic principles of animal life are essential for survival of the individual and as a species.
Firstly, the animal should be motivated to obtain food, warmth, sexual gratification and
comfort. Secondly, the animal should be motivated to escape from predators, cold, sexual
competitors and misery. As the human species currently exists, even our oldest ocean-dwelling
ancestors living over 540 million years ago must have been capable to react to the environment
to feed, evade predators, defend territory and reproduce. Thus, their primitive nervous
systems must have regulated the necessary behaviours and incorporated the most essential
structures of all today’s freely moving Animalia. However, since then the human brain passed
through a long evolutionary pathway during which particularly the forebrain showed major
changes. The earliest vertebrate’s brain almost completely lacked the human neocortex and
the dorsal parts of the basal ganglia [5, 6]. These newer parts of the brain are believed to
determine human behaviour to a high extent and consequently receive most attention in
research of processes explaining the genesis of mental disorders. This contrasts the involve‐
ment in psychiatric disorders of those behavioural processes described above as also being
displayed by the most primitive vertebrates. We want to suggest that these actions are still
regulated in humans by brain structures derived from the primitive forebrain of the earliest
vertebrates. Therefore, we describe the anatomy of the forebrain of the earliest human
vertebrate ancestors [6]. From a comparison of the striatum of lampreys to that of anuran
amphibians and younger vertebrates, it can be concluded that the striatum of lampreys is the
forerunner of the human centromedial (i.e. nuclear) amygdala. In anuran amphibians (frogs
and toads), the lamprey’s striatum is retrieved as central and medial amygdaloid nuclei, while
a dorsal striatum for the first time appears in its direct vicinity [6, 7]. The lampreys forebrain
also contains a structure of which the connections are very well conserved in more recent
human ancestors: the habenula. The habenula constitutes—together with the stria medullaris
and pineal gland—the epithalamus and consists of medial and lateral parts [8]. The habenula
has received much attention because of it asymmetry in certain vertebrate species [9] and its
role in mediating biorhythms [10]. The habenula regulates the intensity of reward-seeking and
misery-fleeing behaviour probably in all our vertebrate ancestors. In lampreys, the activity of
the lateral habenula is in turn regulated by a specific structure: the habenula-projecting globus
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pallidus. It is tempting to speculate that this structure has a similar role in humans, but a clear
anatomical human equivalent with the same function has not yet been identified. Based upon
the evolution of the basal ganglia in vertebrates and the mechanism of the emotional response,
we postulate the existence of two systems regulating the intensity of the aforementioned
behaviours [11]. These two circuits include the extrapyramidal and limbic basal ganglia, which
are collaborating in a reciprocal (i.e. Yin-and-Yang) fashion. The two basal ganglia systems are
linked together by the core and shell parts of the nucleus accumbens (NAcb), which regulates
motivation to show reward-seeking and misery-fleeing behaviour, respectively. Hijacking of
the reward-seeking mechanism by certain substances such as alcohol or illicit drugs is
considered the essential mechanism behind addiction.

In this chapter, we will describe the evolution of the vertebrate forebrain and the functioning
of the described regulatory circuits in somewhat more detail. Thereafter, the putative role of
the habenula in initiating addiction and causing relapse after abstinence is depicted. The
described model also explains the mood and anxiety symptoms that accompany the addictive
process. We will start with a brief description of the mechanism of the emotional process [11,
12].

2. Model for emotional regulation

A suitable model for the regulation of the emotional response can be derived from the paper
of Terence and Mark Sewards [13]. According to their model, the control centre for emotional
response types such as sexual desire, hunger, thirst, fear, nurturance and sleep-need drives and
power-dominance drives is the hypothalamus. The output of the hypothalamus proceeds along
three channels. The first route projects via the thalamus to the cortex, including a pathway that
contributes to the perception of emotion and one for the initiation and planning of cognitive
and motor responses (drives). The second output pathway is a projection at least partly via the
periaqueductal grey (PAG) to several brainstem nuclei, including nuclei that regulate the
autonomic components of the emotional response (e.g. increased circulation and respiration).
The PAG also activates the serotonergic raphe nuclei, the adrenergic locus coeruleus complex
and the dopaminergic ventral tegmental area. From these nuclei, projections pass back to the
hypothalamus (e.g. regulating hypophysiotropic hormones) and through the medial forebrain
bundle to the forebrain (activating the frontal cortex). The PAG also constitutes an important
input structure generating signals to the emotional forebrain. Apart from hormone release
mediated through various brainstem nuclei, a third direct hypothalamic projection system
regulates the endocrine component of the emotional response (also by releasing hypophysio‐
tropic hormones), enabling adaptation of the milieu interne, or correction of a possible
misbalance. The hypothalamus also exerts a receptor function for various substances in the
circulating blood.

This model corresponds to a significant extent with the model of Liotti and Panksepp [14].
However, they follow a different approach, describing seven emotional systems for seeking,
rage, fear, panic (separation distress and social bonding), care (nursing and empathy), lust
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 (sexual love) and play (joy and curiosity), which are not all regulated by the autonomic
hypothalamus. Within the context of this article, the first three systems of Liotti and Panksepp
deserve a more detailed description.

The appetitive motivation-seeking system stimulates the organism to acquire the many things
needed for survival. This motivation is coupled to a reward feeling that can—but not neces‐
sarily does—result from these activities. The nature of the specific rewards is of a lesser
importance; the system works equally well for seeking food, water, warmth, and illicit drugs,
as well as for social goals such as sexual gratification, maternal engagement and playful
entertainment. The system promotes interest, curiosity and desire for engagement with
necessary daily life activities. The process of reward pursuing consists of at least three
psychological components: learning to value (attentive salience), incentive salience or ‘want‐
ing’ and experiencing pleasure resulting in ‘liking’. The first component is believed to be
addressed by the amygdala. The amygdala can ‘learn’ by conditioning to appreciate sensory
appetitive information within the context of external and internal circumstances and to initiate
a proper response. Incentive salience is regulated by mesocorticolimbic mechanisms, with a
central role for the NAcb. Later, in this chapter, we will describe that the insula plays an
essential role in perceiving pleasure.

The amygdala additionally takes a central position with respect to valuing aversive stimuli,
playing a critical role in anxiety and aggression. The anger-promoting rage system is associated
with irritation and frustration. In this system, the emotional circuit is stimulated by projections

Figure 1. Simplified model for the regulation of emotional response. The hypothalamus is considered to be the prin‐
ciple controller and the amygdala the initiator of emotional response. In this depiction, the amygdala represents all
limbic structures involved in emotional response. The amygdala is inhibited by the mPFC (blue arrow). MC = motor
cortex, PAG = periaqueductal grey substance, dPFC = dorsolateral prefrontal cortex, mPFC = medial prefrontal cortex,
PMC = premotor cortex, SMC = supplementary motor cortex.
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between the medial amygdala and the medial hypothalamus via the stria terminalis. Neurons
also project reciprocally between specific parts of the PAG in the mesencephalon and the
medial hypothalamus. The fear system is organized in a fashion parallel to the rage system, in
which both the amygdala and the PAG project to the medial hypothalamus. Activity within
this system can lead to freezing or flight behaviour. Sustained fear (anxiety) is also mediated
by the amygdala but follows a slightly different anatomical route and links the fear and stress
systems.

Taken together, the regulation of the described forms of emotional output can be summarized
and simplified into the scheme in Figure 1. The hypothalamus can be considered one of the
principle control centres for emotional (non-behavioural) output (especially gratification, fear
and aggression-driven). The hypothalamus regulates three components of this response: a
thalamic one, a brainstem one and a pituitaric one. As explained above, the hypothalamus
itself receives a stimulating input function from the amygdala, among other regions. The
amygdala is responsible for the initiation of a suitable response type. In this process of initiating
the emotional response, the amygdala is inhibited by the medial prefrontal cortex. This scheme
describes the process of response selection, but another mechanism is regulating the level of
motivation to exhibit the selected response type.

3. Perception of feelings of pleasure and happiness

According to Terence and Mark Sewards [13], the cortical representations of their emotional
response types are located on the medial prefrontal and anterior cingulate areas. However,
these cortical areas represent the fields initiating the corresponding drives for finding relief
and are unlikely directly involved in the perception of feelings of thirst, hunger, sleepiness,
somatic pain, etcetera, as these anterior cerebral areas are generally implicated in generating
output. A better candidate for the perception of feelings of pleasure (reward) and happiness
(euphoria) would be the insular cortex (Figure 2) as the posterior part of the insula contains
areas for gustation, thermo-sensation, pain, somato-sensation, and viscera-sensation [15].
Indeed, the insular cortex has been demonstrated to be involved in processing emotions, such
as anger, fear, happiness, sadness or disgust, and has been shown to display treatment-
responsive changes of activity in different mood disorders [16]. However, the exact position
of the insular cortex with respect to the perception of the discussed feelings remains unclear.
The insular cortex, being located in the centre of the cerebral hemisphere, is reciprocally
connected with almost every other input and output structure of the emotional response
system. It could also be suggested that the insula’s most important role is the integration and
adjustment of the activities of such other brain structures without being primarily involved in
the perception of emotional feelings itself.

However, yet another possibility comes into mind, which can be considered a revival of the
late nineteenth century hypothesis developed independently by the US American William
James (1842–1910) and the Dane Carl Lange (1834–1900) [17]. Their theories on the origin and
nature of emotions states that once we become aware of the physiological bodily changes
induced by, for example, danger, we feel the corresponding emotion of fear [18, 19]. So, the
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basic premise of this theory is that the perception of interoceptive stimuli instigates the
experience of an emotional feeling as well as its phenomenal consciousness. This could easily
be expanded with the perception of other changes including environmental factors, which then
would induce exteroceptive stimuli [19]. The anteriorly directed processing stream within the
insula would make the anterior insula perfectly suitable to fulfil the requirements for the
neuronal representative of such functions [20]. The upper part of the anterior insula is strongly
and reciprocally connected with the anterior cingulate cortex, and the lower part is functionally
linked to the adjacent caudal orbitofrontal cortex, which makes the anterior insula involved in
food-related stimuli and the urge to take drugs as well [15].

The orbitofrontal cortex is the neuronal structure, which is most intricately involved in
motivating for reward bringing behaviours [21, 22]. Perhaps the insula is involved in experi‐
encing pleasure, but in our opinion, this is unlike to occur directly as sensing these positive
feelings. As a matter of fact, the orbitofrontal cortex induces motivation to go for the possibility
to obtain food, sex or drugs, which results in an unpleasant urge to exhibit this behaviour,
called ‘craving’ [2–4]. This craving feeling results from hyperactivity of the motivational
cortical–striatal–thalamic–cortical (CSTC) reentry circuit, running from the orbitofrontal
cortex, through the core part of the NAcb, ventral pallidum and thalamus back to the orbito‐
frontal cortex [23]. It has been suggested that the NAcb itself is responsible for sensing pleasure,

Figure 2. Position of the insular cortex. The human insular cortex forms a distinct, but entirely hidden cerebral lobe,
situated in the depth of the Sylvian fissure. It is a phylogenetically ancient part of the cerebral hemisphere and entirely
overgrown by adjacent regions of the hemispheres and the temporal lobe (cf. [15]).
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but this is unlike to be true. Probably, the nucleus accumbens core (NAcbC) has a classical role
of adapting the activity when reward is expected based upon information about other
significant factors [24]. We want to hypothesize that the experience of pleasure is more likely
related with the sudden ceasing of the urge to obtain the delightful objects once they are
acquired.

Evidence for this last proposal can be derived from investigating neuro-activation during a
very pleasurable activity; that is having sex. The activity pattern during sexual activity has
been extensively studied [24, 25]. In women, first the medial amygdala and insula become
activated, among other structures; then, the cingulate cortex is added to this activation; and
then, at orgasm itself, the NAcb, paraventricular nucleus of the hypothalamus (secretes
oxytocin) and hippocampus become active [25]. Specific experiments by Georgiadis and
colleagues [26, 27] have shown that during orgasm, which is the moment that true pleasure is
perceived, the activation of brain structures is very much the same in men and women. What
is particularly interesting is that they found a profound deactivation in the anterior part of the
orbitofrontal cortex (and also in the temporal lobe). Georgiades and colleagues [27] interpret
the decreased activity of the orbitofrontal cortex and the temporal lobe to reflect the occurrence
of satiety. But this idea may be too limited. In our opinion, they also make a case that the relief
that accompanies the disappearance of the urge to reach orgasm is indeed the most important
representation of pleasure itself. The reaction within the orbitofrontal cortex may be due to the
loss of anticipating achieving the important goal (because it has been reached). The profound
deactivation of the motivational reentry circuit would result in abrupt ceasing of craving, what
in itself could result in pleasure. This would also indicate that without craving also pleasure
cannot occur.

A prefrontal structure that has consistently been implicated in negative mood states (i.e.
dysphoria) is the subgenual part of the anterior cingulate cortex (Brodmann’s areas 25 and the
caudal portions of Brodmann’s areas 32 and 24). Anatomical studies have shown that the
volume of the infralimbic sgACC is reduced in certain depressed groups [28]. Moreover, the
activity of the sgACC is affected following successful treatment with SSRIs, electroconvulsive
therapy, transcranial magnetic stimulation (rTMS), ablative surgery and deep brain stimula‐
tion [29]. Moreover, this sgACC has been found to be metabolically overactive in depressed
states and reacts to the treatment with a decrease of its activity [30].

As shown in Figure 3, the infralimbic subgenual part of the anterior cingulate cortex is one of
the structures, which feeds the shell part of the NAcb [31]. Hyperactivity of this structure might
well result in hyperactivity within a putative emotional reentry circuit, which starts and ends
within the anterior cingulate cortex. The subgenual cingulate gyrus sends efferents to all
subcortical structures of our limbic basal ganglia and receives afferents from several hypo‐
thalamic and thalamic nuclei [32]. This hyperactivation of the subgenual cingulate gyrus might
in turn results in increased stimulation of the anterior insula [32], which might lead to
experiencing feelings of dysphoria. Abrupt termination of this hyperactivity might result in
happiness in the same manner as ending craving would result in pleasure.
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Figure 3. Stimulation of the core and shell of the nucleus accumbens. (Adapted from Ref. [31], reproduced with per‐
mission of the author). VTA = ventral tegmental area; LC = locus coeruleus. Red = glutamatergic, blue = GABAergic,
grey = dopaminergic and green = adrenergic.

In conclusion, we want to hypothesize that two parallel cortical–subcortical reentry circuits
regulate motivation to exert reward-bringing and misery-escaping behaviours, respectively.
These circuits are involved in causing pleasure and happiness. Hyperactivity of the NAcb core-
containing CSTC circuit induces craving and its abrupt ending is experienced as pleasure.
Hyperactivity of the NAcb shell-containing CSTC circuit induces dysphoria and abrupt
termination of the activity within this circuit would induce happiness.

4. Two complementary regulating circuits

In a previous paper, we have proposed to distinguish two separate circuits regulating skilled
(cognitively controlled) and intuitive (emotionally controlled) behaviour: extrapyramidal and
limbic circuits [11].

The ‘extrapyramidal’ circuit is often mainly associated with motor activity but also regulates
other behavioural responses. The first relay station of this cortical–subcortical circuit is formed
by the striatum, which consists of three parts that correspond to three parallel divisions of the
extrapyramidal system: the caudate nucleus (cognitive system), putamen (motor system) and
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ventral striatum (emotional/motivational system) [23, 33–35]. This last part is formed by the
NAcb, which consists of a core (NAcbC) and a shell (NAcbS). The core belongs to the extrap‐
yramidal basal ganglia and is primarily involved in motivating the organism to exhibit skilled
behaviour. The shell belongs to the limbic basal ganglia and is primarily involved in facilitating
intuitive (emotional) behaviour [23, 35].

Figure 4. Position of the limbic basal ganglia (centromedial amygdala, extended amygdala, bed nucleus of the stria
terminalis and nucleus accumbens shell) relative to the extrapyramidal basal ganglia (caudate nucleus, putamen,
nucleus accumbens core) and hippocampus. The figure only shows the first relay stations of the extrapyramidal (light
and dark blue) and limbic (orange and green) cortical–subcortical circuits.

The ‘limbic’ circuit is for a significant extent covered by the amygdala. The amygdala consists
of a heterogeneous group of nuclei and cortical regions and is divided into cortical (basolateral)
and ganglionic (centromedial) sections [36–38]. The various nuclei differ in the number and
type of brain areas to which they are connected. Apart from extensive connectivity with a
variety of cortical areas [37], the various parts of the complex are mutually massively connected
with each other [37, 38]. Nevertheless, it is possible to consider the centromedial (ganglionic)
part as an output channel to the diencephalon and brain stem, while the basolateral (cortical)
part is more easily regarded as an input channel for cortical information. Moreover, the
amygdaloid complex has widespread connectivity with many subcortical regions [37],
including the dorsal and ventral striatum, the bed nucleus of the stria terminalis, and the basal
forebrain nuclei. The centromedial amygdala is continuous with the extended amygdala,
which is in turn continuous through the bed nucleus of the stria terminalis with the shell part
of the NAcb [23, 39]. This extended amygdala takes a position to the allocortex (olfactory cortex
and hippocampus) that is similar to that which the neocortex takes to the striatum [39]. This
idea can be extended to distinguishing limbic and extrapyramidal basal ganglia. The
centromedial amygdala, proper extended amygdala, bed nucleus of the stria terminalis, and
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the shell of the NAcb form the limbic basal ganglia, with a function for the limbic cortex that
reflects that of the extrapyramidal basal ganglia for the rest of the neocortex (Figure 4).

5. The evolution of the forebrain in vertebrates

We have developed an anatomical model how the intensity of reward-seeking and misery-
fleeing behaviours is regulated. We propose that the first type of reward-seeking behaviours
is controlled within a converging extrapyramidal neocortical–subcortical–frontocortical circuit
containing as first stations, the caudate nucleus, putamen and core of the accumbens nucleus
(NAcbC). The second type of misery-fleeing behaviours is then regulated by a limbic cortical–
subcortical–frontocortical circuit containing as first relay stations, the centromedial amygdala,
extended amygdala, bed nucleus of the stria terminalis and shell of the accumbens nucleus
(NAcbS). As these types of behaviours must also have been exhibited by our most ancient
ancestors, we studied the evolutionary development of the forebrain [6]. We found out that
the earliest vertebrates, supposed to have a brain comparable with the modern lamprey, had
an olfactory bulb, forebrain, diencephalon, brain stem and spinal cord, but not yet a true
cerebellum. The forebrain of the lamprey contains a striatum with a modern extrapyramidal
system, which is activated by dopaminergic mesostriatal fibres coming from the nucleus of
the tuberculum posterior (NTP) [5], which is comparable with human ventral tegmental area

Figure 5. Simplified representation of the extrapyramidal system of lampreys (left) and humans (right). In lamp‐
reys, the internal and external parts of the globus pallidus are intermingled within the dorsal pallidum but functional‐
ly segregated. For further explanations, consult Refs. [33, 40, 41]. GPe = globus pallidus externa; GPi = globus pallidus
interna; NTP = nucleus tuberculi posterior; PPN = pedunculopontine nucleus; SNr = substantia nigra pars reticulata;
STh = subthalamic nucleus. Left figure: red = glutamatergic, blue = GABAergic, green = dopaminergic, orange = choli‐
nergic; Right figure: red = excitatory, blue = inhibitory.
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(VTA). An extrapyramidal circuit has not yet been developed and the extrapyramidal output
ganglia directly activate motor control centres of the brainstem (Figure 5). In addition, the
dorsal thalamus is very small and the forerunner of the neocortex has hardly developed.

It has been suggested that during evolution of vertebrates, the development of the cerebral
cortex resulted in the successive addition of concise modules to the extrapyramidal basal
ganglia, each regulating a newly acquired function of the species (Figure 6) [5]. What happened
on the limbic side is not entirely clear. The amygdaloid complex was moved laterally to the
pole of the temporal lobe. The centromedial amygdaloid nuclei can be considered to be a
remaining part of the lampreys striatum, but whether the extended amygdala and the bed
nucleus of the stria terminalis also evolved from this structure is uncertain. Amphibians
already have a bed nucleus of the stria terminalis, which is closely associated with the central
and medial nuclear amygdala [42]. The nucleus accumbens can be considered to be the
interface between motor and limbic basal ganglia [35]. So, our theory is to a certain extent
supported by these evolutionary considerations. We suggest that the core of the accumbens
nucleus regulates the motivation to exhibit reward-driven (approach) behaviour and the shell
of the accumbens nucleus regulates the motivation to exhibit misery-driven (avoidance)
behaviour.

Figure 6. Modular expansion of the basal ganglia during evolution of vertebrates (adapted from [5]). The figure only
shows the first relay stations of the extrapyramidal (light and dark blue) and limbic (yellow and green) cortical–sub‐
cortical circuits.

But how is this motivation to show these two types of behaviours adapted to the changing
demands of environment? At this point, again, considering the forebrain of lampreys can shed
some light on this matter. Within the lamprey’s forebrain, a specific nuclear structure has been
identified within the subhippocampal region, called the habenula-projecting globus pallidus
(GPh) [6]. This nucleus receives inhibitory control from the striatum and excitatory input from
both thalamus and pallium. It activates the lateral habenula, and from there, glutamatergic
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fibres run directly to the dopaminergic NTP (excitatory) or indirectly via the GABAergic
rostromedial tegmental nucleus (inhibitory). These dopaminergic fibres of the NTP regulate
the activity of the striatum. So, in lampreys, the activity of the dopaminergic NTP is under the
control of an evaluative system with input from the striatum and pallium in order to decide
whether the locomotor activity should be increased or not (Figure 7). These structures increase
activity during reward situations and decrease activity when an expected reward does not
occur. A cholinergic circuitry from the medial habenula to the interpeduncular nucleus and
periaqueductal grey regulates the fear/flight response.

Figure 7. Circuitry of habenula-projecting globus pallidus of lampreys. Red = glutamatergic, blue = GABAergic,
green = dopaminergic.

6. The habenula

The habenula in the epithalamus has recently received much attention for possibly playing a
role in depression and addiction [43–47]. This is strongly related to the influence of the
habenula on the activity of monoaminergic control centres of the brainstem [46, 47]. The
habenula is subdivided into two nuclei: the medial habenula and lateral habenula. In lampreys,
a direct pathway runs from the homologue of the lateral habenula to the nucleus of the
tuberculum posterior (NTP; considered to be a homologue of the SNc/VTA), next to a pathway
to a homologue of the GABAergic rostromedial tegmental nucleus (RMTg; which inhibits the
NTP) [5, 48]. Other efferents of the lateral habenula run to (diencephalic) histaminergic and
serotonergic areas. In lampreys, a projection system from the homologue of the medial
habenula to the interpeduncular nucleus was also identified. These habenular output struc‐
tures are well conserved across species. All the vertebrates examined possess the same efferent
pathway, called fasciculus retroflexus, running to the ventral midbrain [9, 46, 47]. In mammals,
the medial habenula projects, almost exclusively, to the cholinergic interpeduncular nucleus
[49], whereas the lateral habenula projects to a variety of nuclei including the rostromedial
tegmental nucleus (RMTg), raphe nuclei, substantia nigra, ventral tegmental area, and the
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nucleus incertus [9]. Moreover, the medial habenula has direct output to the lateral habenula
and may regulate the latter’s activity [46, 47] (Figure 8).

However, the input to the epithalamus appears to be less well conserved during evolution. In
lampreys, the input of the homologue of the medial habenula comes from the medial olfactory
bulb, the parapineal organ, the pretectum and the striatum [48]. The input of the lateral
habenula comes from subhippocampal lobe (habenula-projecting globus pallidus; GPh) and
the lateral hypothalamus, but not from the diagonal band of Broca. Mammals do not have a
distinct GPh. It has been suggested that its homologue in primates is localized in the border
of the globus pallidus interna (GPb) [5, 50]. Whether the function of the lampreys’ GPh is
retained within this GPb, is far from certain. The mammalian habenula receives input via the
stria medullaris from the posterior septum, as well as from the medial septum, the nucleus of
the diagonal band and midbrain structures [47, 49]. Major input to the medial habenula arises
from septal nuclei, which in turn receive the majority of their input from the hippocampus [48].
Afferents of the lateral habenula come from the hippocampus, ventral pallidum, lateral
hypothalamus, globus pallidus and other basal ganglia structures [46]. It is hypothesized that
during evolution from lampreys to mammals, the originally direct sensory innervation of the
habenula has been replaced by inputs from the so-called limbic system (i.e. the septum and
diagonal band of Broca) [48]. We prefer to say that this is not a replacement, but a maintainment
as the human limbic system is considered to be a derivative of the lamprey’s forebrain.

Figure 8. Connectivity through the epithalamus. GPh = habenula-projecting globus pallidus, IPN = interpeduncular
nucleus, RMTg = rostromedial tegmental nucleus, SNc = substantia nigra, pars compacta, VTA = ventral tegmental nu‐
cleus (adapted from Ref. [47]).

In our opinion, the amygdala plays an essential role in value-based selection of behaviour
(salience attribution) and this idea is supported by the history of the amygdaloid complex in
our ancestors. When the habenula-projecting globus pallidus still exists and functions in
humans, this structure should receive input from the amygdala and hippocampus and give
glutamatergic output to the lateral habenula. The amygdala and hippocampus would then
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regulate both the activity of the medial habenula (misery-fleeing behaviour) via septal nuclei
as well as the activity of the lateral habenula (reward-seeking behaviour) via the homologue
of the GPh. The amygdala and hippocampus should then be in an essential position for
response selection of behaviour.

7. Idea for a possible role of habenula in addiction

In order to be considered to have a substance addiction, the individual must start to abuse a
drug, he/she should maintain this abuse and/or he/she should relapse to abuse after a period
of abstinence. Several lines of evidence suggest that indeed patients go through different stages
of substance use, from intoxication, through repeated cycles of withdrawal and increasing
tolerance to an end stage of addiction and relapse [3, 4]. It has also been shown that during
this process, the motivation to use substances develops from ‘liking’ to ‘wanting/needing’ [3,
4]. In line with these findings, the neurobiological changes develop from more ventral striatal,
reward-related, circuits to more dorsal striatal circuits involved in habit formation and stress
[3, 4]. Moreover, addicted patients no longer use substances because it is nice (positive
reinforcement), but because it reduces a negative affective state, related to increased activity
of the brain stress systems, including the amygdala and hypothalamus-pituitary axis (negative
reinforcement). This theory describes a development of addiction in three stages: binge/
intoxication, withdrawal/negative affect and preoccupation/anticipation [3, 4].

Our proposal of staging is slightly different in order to let it correspond better to the described
primitive subcortical regulation of behaviour. Abuse is probably largely maintained by the
pathological process of craving for drugs, which is activated by the observation of certain
phenomena (cues), the getting involved in social and emotional circumstances or executing
specific habits which all are related to the individuals’ personal circumstances of drug abuse.
We want to suggest that this mechanism (i.e. activation of craving by cues) explains the usage
of the illicit drug by the individual on a regular basis. It has been described that the craving
process is activated by stimulation of the dopaminergic input to the NAcb from the VTA. This
VTA is in turn activated by glutamatergic fibres from the prefrontal cortex by a ventral
connection, which are reacting upon analysis of the circumstances that predict the availability
of the illicit drug [51]. The glutamatergic synapses with mesencephalic dopaminergic neurons
carry nicotinic cholinergic receptors, which allow long term potentiation of this excitatory
synaptic transmission [51].

The above mechanism explains how addiction is maintained, but not how it is initiated. We
want to hypothesize that in this second process, the habenula is involved (for a description of
the role of the habenula in addiction see Refs. [46, 47]). The lateral habenula stimulates or
inhibits the VTA depending upon the result of the behaviour. It stimulates the behaviour when
the result is more rewarding than expected [52, 53] and inhibits it when the behaviour has
more or less disappointing results [54]. The lateral habenula also encodes reward probability,
reward magnitude and the upcoming availability of information about reward [54, 55]. So,
when an individual uses an illicit drug and the results are very rewarding (biological, psy‐
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chological or social) the habenula disinhibits the VTA to continue and expand this behaviour.
The same is true concerning the rapid reactivation of craving for example tobacco, cocaine or
GHB in the case of relapse after a period of abstinence. The lateral habenula could then signal
vividly that the individual likes these effects very much. So it could be interesting to study the
activity of the pathways during a phase of active drug abuse and after re-usage after a period
of abstinence. This could also shed some light on the pharmacological mechanisms to prevent
relapse.

Besides craving for the positive effects of substances, craving for addictive substances is also
often accompanied by dysphoria and anxiety. This process has been described as the ‘dark
side of addiction’ and has been associated with the development of a powerful negative
reinforcement process [4]. This dysphoria is particularly true during relatively long-lasting
periods of abstinence when even a clear depression can develop. Koob [4] has introduced the
term ‘anti-reward’ to describe the background of this phenomenon. This is unfortunate,
because it suggests a fictitious relationship with the reward-seeking system. However, this
dysphoria could very well result from a dysfunction of another pathway connecting amyg‐
daloid complex and hippocampus through the epithalamus with the midbrain. The misery-
fleeing (fear/flight) response could be regulated via septal nuclei and medial habenula with
the interpeduncular nucleus. Through this pathway, the medial habenula regulates the activity
of the adrenergic locus coeruleus and the serotonergic dorsal raphe nucleus [47]. This could
result in the activation of the misery-fleeing mechanism, causing dysphoria. The reward-
seeking response could be regulated by a parallel pathway via a homologue of GPh and lateral
habenula with the ventral tegmental area [56]. Hypoactivity of the reward-driven reentry
circuit with as first station NAcbC would result in anhedonia and lack of energy, two main
symptoms of depression.

8. Conclusions

Studying the evolution of the vertebrate’s forebrain offers interesting clues about the mecha‐
nism of addiction. In lampreys, motor activity is regulated by a striatum, which can be
considered to be the forerunner of the nuclear amygdala. The lamprey’s striatum contains a
quite modern extrapyramidal system (Figure 5). The activity of this striatum is regulated by
dopaminergic fibres coming from the forerunner of the VTA in the midbrain. The activity of
the VTA is in turn regulated by the habenula, with a connectivity that is very well conserved
during the evolution into finally humans. During this evolution, the basal ganglia developed
in a modular fashion with the addition of new layers on the dorsal side of the basal ganglia
once new functions developed (Figure 6). The evolution of the ventral part of the basal ganglia
is less certain, but these structures also became connected with parts of the (limbic) neocortex
via the diencephalon. Therefore, it is possible to distinguish extrapyramidal and limbic CSTC
circuits, which regulate the magnitude of reward-seeking and misery-fleeing behaviours.
Motivation to express these two behaviours is regulated by the NAcbC and NAcbS, respec‐
tively. In turn, the VTA determines the activity of NAcb, and the locus coeruleus only of the
NAcbS (Figure 3). Directly and indirectly, the upper raphe nuclei also determine the activity
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of both parts of the NAcb [57]. As part of a dorsal pathway, the lateral habenula controls the
activity of the VTA and the medial habenula the activity of locus coeruleus and raphe nuclei.
The activity of both lateral and medial habenula is controlled by the amygdala and hippo‐
campus. Via a ventral route, the prefrontal cortex also influences the activity of the VTA. We
hypothesize that this ventral route is involved in maintaining substance abuse, while the dorsal
route is primarily involved in initiating addiction and causing relapse into dependence after
using illicit drugs after a period of abstinence.
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