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Abstract
There is a growing awareness that emotion, motivation, and reward values are important determinants
of our behavior. The habenula is uniquely positioned both anatomically and functionally to participate
in the circuit mediating some forms of emotive decision-making. In the last few years there has been
a surge of interest in this structure, especially the lateral habenula (LHb). The new studies suggest
that the LHb plays a pivotal role in controlling motor and cognitive behaviors by influencing the
activity of dopamine (DA) and serotonin neurons. Further, dysfunctions of the LHb have also been
implicated in psychiatric disorders, such as depression, schizophrenia, and drug-induced psychosis.
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Introduction
The habenula is a pair of small nuclei located above the thalamus at its posterior end close to
the midline (Fig. 1). It is regarded as part of the epithalamus which includes the pineal body
and the habenula. In many vertebrates, the habenula is divided into the medial habenula (MHb)
and the LHb. The habenula is a phylogenetically well-preserved structure that was thought to
have evolved in close relation to the pineal body (Concha and Wilson, 2001;Butler and Hodos,
2005). However, recent studies using behaving animals and human subjects have instead
suggested that the habenula is involved in motivational control of behavior. There have been
extensive reviews on the neural connections and the functions of the habenula (Sutherland,
1982;Klemm, 2004;Lecourtier and Kelly, 2007;Geisler and Trimble, 2008). In this article we
focus on the function of the LHb, particularly in relation to its efferent connection to DA
neurons.
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Connections between the LHb, basal ganglia, and limbic system
The LHb is comprised of multiple subnuclei that collectively form medial and lateral divisions
(Andres et al., 1999). The medial division of the LHb receives afferents (Fig. 2) primarily from
limbic brain regions that are directly or indirectly innervated by the cerebral cortex: the lateral
hypothalamic and lateral preoptic areas, basal forebrain structures including the ventral
pallidum, substantia innominata, and diagonal band, and parts of the extended amygdala,
including the bed nucleus of the stria terminalis (Herkenham and Nauta, 1977; Hikosaka,
2007a; Geisler and Trimble, 2008). The lateral division of the LHb is mainly innervated by the
basal ganglia, in particular the globus pallidus internal segment (rodent entopeduncular
nucleus), which receives cortical input by way of the striatum. Through these parallel circuits,
extensive information processed by the cerebral cortex ultimately funnels to the LHb, which
serves as a convergence point for limbic and basal ganglia circuits. The efferents of the LHb
(Fig. 2) primarily descend to brainstem structures but include less dense ascending projections
to forebrain regions (Herkenham and Nauta, 1979; Araki et al., 1988; Hikosaka, 2007a; Geisler
and Trimble, 2008). Within the brainstem, LHb efferents mainly target the nuclei containing
monoamine neurons: the dopaminergic ventral tegmental area (VTA) and substantia nigra pars
compacta (SNc), serotonergic dorsal and median raphe, and cholinergic laterodorsal
tegmentum. Some DA neurons in the VTA project back to the LHb (Gruber et al., 2007). Hence,
the LHb forms a node of connection between the cortex and brainstem monoamine neurons
that operates in parallel to the medial forebrain bundle. LHb neurons are heterogeneous in their
neurochemical expression patterns, although the majority appears to have a glutamatergic
phenotype (Geisler and Trimble, 2008). In their physiological regulation of brainstem DA and
serotonin neurons, LHb cells exert a relatively short latency and potent inhibitory influence
(Wang and Aghajanian, 1977; Christoph et al., 1986; Park, 1987; Shepard et al., 2006; Ji and
Shepard, 2007; Lecourtier and Kelly, 2007; Matsumoto and Hikosaka, 2007).

The results of physiological experiments indicate a probable disynaptic circuit involving LHb
projections to intermediate, short-range GABA cells that ultimately inhibit monoamine cell
firing. Hence, it can be hypothesized that LHb projections to the VTA synapse onto GABA
cells and not DA neurons, thus providing an indirect inhibitory action through local GABA
connections. However, preliminary ultrastructural analyses have so far failed to support this
hypothesis (Bell et al., 2007). Specifically, LHb axons with excitatory morphology have been
found to synapse directly onto DA neurons, and conversely, excitatory-type synapses onto
GABA cells have not yet been observed (Bell et al., 2007). Additional investigation is necessary
before a disynaptic inhibitory circuit involving VTA GABA neurons can be ruled out.
Nevertheless, it must be considered that the dominant inhibition of DA neurons induced by the
LHb may involve GABA cells that are extrinsic to the VTA. Similar circuit questions remain
to be addressed in the raphe nuclei and other brainstem targets of the LHb.

Motor functions of the LHb
The inhibitory effects of the LHb on DA neurons are crucial for reward-based motor control.
DA neurons carry signals that are essential for initiation and learning of body movements.
First, they represent reward prediction error (a difference between the actual reward value and
the expected reward value) which is thought to act as a teaching signal for motor behavior that
would maximize the gain of reward (Schultz, 1998). Second, they encode novel environmental
events which would cause immediate changes in motor behavior (Redgrave and Gurney,
2006). DA neurons in the SNc mainly project to the dorsal and ventral striatum and are thought
to modulate the effectiveness of the inputs to the striatum, especially those from the cerebral
cortex (Reynolds and Wickens, 2002). Indeed, the sensorimotor activity of many neurons in
the striatum and other basal ganglia areas is modulated by the expected reward value of the
impending action (for review, see Hikosaka et al., 2006). Several lines of evidence suggest that
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these reward modulations are caused, at least in part, by the DA inputs to the striatum
(Nakamura and Hikosaka, 2006). Thus, the basal ganglia contribute to the selection of body
movements (or actions) based on their reward outcomes.

A recent study suggested that the LHb plays an instructive role in reward-based action selection
(Matsumoto and Hikosaka, 2007). Monkeys were trained to make a saccade to one of two
targets, but the amount of reward after the saccade was determined by the position of the target.
LHb neurons were inhibited by the target indicating a large reward and excited by the target
indicating a small reward. They responded to the reward only when it was not predicted:
inhibited by unexpectedly large rewards and excited by unexpectedly small rewards. These
response patterns were exactly opposite to those of DA neurons. The excitation of LHb neurons
in response to a small reward-predicting target started before the inhibition of DA neurons in
the same condition. Further, weak electrical stimulation in the LHb induced clear inhibitions
in DA neurons, consistent with other reports (Ji and Shepard, 2007). These results suggest that
the LHb suppresses less rewarding motor behaviors by inhibiting DA neurons.

Cognitive functions of the LHb
In addition to its functions in motivational and motor control of behavior, a role for the LHb
in cognition has recently been emphasized. In rats, studies of brain metabolic activity showed
a selective activation of the LHb after the retrieval phase of an odour discrimination task for
food reward (Tronel and Sara, 2002). Also, there was a decreased metabolism in the LHb during
a water-maze task in aged memory-impaired rats as compared to young unimpaired animals
(Villarreal et al., 2002). Lesions of the habenula (including LHb and MHb) in rats induced
impairments of spatial reference memory, a model of declarative memory (Lecourtier et al.,
2004), and attention (Lecourtier and Kelly, 2005). In the latter study, using the 5-choice serial
reaction time task (5-CSRTT), two types of deficits were observed, i.e. an immediate
occurrence of an impulsive mode of behaviour, represented by a large increase in premature
responding, and a late-occurring decline of accuracy. Finally, habenula lesions depress synaptic
plasticity in the hippocampus-nucleus accumbens pathway (Lecourtier et al., 2006), involved
in many cognitive processes.

Several lines of evidence point to alterations of sub-cortical DA transmissions as being one of
the effectors of habenula lesion-induced cognitive deficits. In fact, the LHb tonically inhibits
DA transmission as evidenced by a marked and sustained increase in DA release in the striatum
and nucleus accumbens (Lecourtier et al., 2008). The latter findings might explain the
occurrence of impulsivity in the 5-CSRTT following habenula lesions, as well as the post-
lesion depressed plasticity of the hippocampus-nucleus accumbens pathway, given that similar
plasticity changes occur with increased DA tone (Beurrier and Malenka, 2002; Hunt et al.,
2005).

On the other hand, impaired spatial reference memory induced by habenula lesions might
involve other neurotransmitter systems such as serotonin and acetylcholine. Indeed, the LHb
participates in the regulation of the cholinergic medial septum (MS)-hippocampus pathway,
which is involved in spatial reference memory. Also, the LHb modulates the activity of raphe
serotonin neurons (Wang and Aghajanian, 1977) and serotonin transmission (Reisine et al.,
1982), while serotonin regulates the neuronal activity of the MS and consequently of the MS-
hippocampus pathway (Cassel and Jeltsch, 1995; Koenig et al., 2008). Finally, the fact that
habenula lesions induced a hypersensitivity to stress could also account for some cognitive
deficits (Thornton and Davies, 1991; Heldt and Ressler, 2006).
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Clinical Implications
Given the reciprocal connections between the LHb, DA and serotonin neurons, it is not
surprising that these pathways have been linked to neuropsychiatric conditions in which
monoamine-containing neurons have been implicated. Early studies showing that serotonin
neurons in the dorsal raphe are inhibited by habenular stimulation (Wang and Aghajanian,
1977; Reisine et al., 1982; Park, 1987) led to the suggestion that increased activation of the
LHb may contribute to major depressive disorders (for review, see Shumake and Gonzalez-
Lima, 2003). In support of this notion, patients experiencing transient depressive episodes
elicited by a reduction in dietary tryptophan show increased regional cerebral blood flow in
the habenula that correlates directly with ratings of depressed mood and inversely with plasma
tryptophan levels (Morris et al., 1999). Enhanced LHb metabolism and reduced brain serotonin
levels have been observed in several animal models of depressed behavior and can be attenuated
or blocked by antidepressant drugs (Caldecott-Hazard et al., 1988) or lesions of the LHb (Yang
et al., 2008). Together, these data suggest that habenular efferents play a prominent role in
reducing brain serotonin activity associated with some forms of depressive mood and behavior
and have led to the proposition that functional inactivation of the LHb by deep brain stimulation
may have utility in the treatment of major depressive illness in humans (Sartorius and Henn,
2007; Hauptman et al., 2008).

Habenular efferents also exert a powerful inhibitory influence over DA-containing neurons in
the SN and VTA. Lesions of the LHb increase DA turnover in terminal fields (Lisoprawski et
al., 1980; Nishikawa et al., 1986; Lecourtier et al., 2008) while local stimulation transiently
inhibits the spontaneous firing of SN and VTA DA neurons (Christoph et al., 1986; Ji and
Shepard, 2007). A functional magnetic resonance imaging (fMRI) study conducted in healthy
human volunteers has provided evidence that the habenula participates in a circuit encoding
the neural representation of negative outcomes (Ullsperger and von Cramon, 2003).
Subsequent studies showing that neural activity in the LHb is transiently increased in primates
experiencing the loss of an anticipated reward and that these changes are both antecedent and
opposite to those occurring in DA neurons, provide compelling support for the role of LHb in
the generation of a teaching signal used to modify action selection (Matsumoto and Hikosaka,
2007). Many patients with DA-related disorders including Parkinson’s disease and
schizophrenia do not make optimal use of negative feedback to guide action selection and
problem solving (Frank et al., 2004; Cools et al., 2006; Prentice et al., 2007) that could be
attributable to disruption in the habenulomesencephalic reward circuit. Preliminary fMRI
results indicate that in contrast to healthy volunteers, schizophrenics do not engage habenular
activity in response to informative error (Shepard et al., 2006; Holcomb et al., 2008). These
differences may partially account for the maladaptive behaviors (e.g. perseveration) exhibited
by patients making inconsistent use of negative feedback.

Conclusions
Recent studies reviewed above have suggested that the LHb controls cognitive and motor
behaviors based on the motivational values associated with the behaviors. Such functions are,
at least partly, mediated by the inhibitory effects of the LHb on midbrain DA neurons. A
hypothetical scheme in Fig. 3 shows how the LHb might control motor and cognitive behaviors
through its influences on DA neurons.

A robust effect occurs when LHb neurons are excited by a sensory event predicting a non-
rewarding (or more accurately, less-rewarding-than-predicted) or punishing outcome
(Matsumoto and Hikosaka, 2007). This causes a transient inhibition of DA neurons (Ji and
Shepard, 2007), and a reduction of DA levels, especially in the dorsal and ventral striatum.
Although its functional significance is still under debate (Bayer and Glimcher, 2005), the
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reduction in DA transmission may then lead to suppression of motor and cognitive actions,
presumably through D2 receptor-mediated LTD mechanisms (Lecourtier et al., 2006;
Nakamura and Hikosaka, 2006; Hikosaka, 2007b; Kreitzer and Malenka, 2007). This
mechanism thus could underlie a principle of behavior: If the outcome of an action is
undesirable, avoid the action.

On the other hand, LHb neurons are inhibited by a sensory event predicting a rewarding (or
more accurately, more-rewarding-than-predicted) or punishing outcome (Matsumoto and
Hikosaka, 2007). This causes a disinhibition of DA neurons and a transient increase in DA
concentration in the striatum (Lecourtier et al., 2008). This may lead to facilitation of motor
and cognitive actions, presumably through D1-mediated LTP mechanisms (Reynolds and
Wickens, 2002). This mechanism might underlie a second principle of behavior: If the outcome
of an action is desirable, repeat the action.

If the LHb is damaged or does not work normally, these two functions would be deranged.
Even if the outcome of an action is undesirable, it would be difficult to avoid the action. This
may be expressed as impulsivity, attention deficits (Lecourtier and Kelly, 2005), stereotyped
motor behaviors (Carvey et al., 1987), and increased binging behavior (Ellison, 2002). Or, even
if the outcome of an action is desirable, it would be difficult to repeat the action. It may be
expressed as deficits in motor or cognitive learning (Tronel and Sara, 2002; Lecourtier et al.,
2004). These hypothetical deficits might have common grounds with some psychiatric
symptoms (Sandyk, 1991; Shepard et al., 2006).

The LHb also exerts inhibitory control over serotonin neurons and dysfunctions of this
mechanism may underlie mood disorders such as depression, as discussed above. However, it
is unclear whether different kinds of information are processed between the LHb-DA pathway
and the LHb-serotonin pathway. A hint on this question has been provided by a recent study
showing that neurons in the monkey dorsal raphe, presumably including serotonin neurons,
encode reward values, but in a manner different from DA neurons (Nakamura et al., 2008).

To summarize, the recent surge in interest in the LHb has opened up a new perspective for
understanding the subcortical mechanisms of cognitive and emotive behaviors. Upcoming
experimental results may be instrumental for determining how this structure might be targeted
in the design of novel treatments for mental and neurological disorders.
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Figure 1.
The habenula in the rhesus monkey. Top: The monkey’s brain viewed from the mesial side.
The location of the habenula is indicated by a red circle. C: caudate nucleus, Th: Thalamus,
SC: superior colliculus, IC: inferior colliculus. Scale: 5 mm × 2. Bottom: A coronal histological
section showing the habenula (red circle). The medially located dark region corresponds to the
medial habenula (MHb), while the lateral part corresponds to the lateral habenula (LHb). The
vertical extent of this section corresponds to a violet line in the top figure. MD: mediodorsal
nucleus of the thalamus, Pul: pulvinar, PT: pretectum, N3: oculomotor nucleus, hc: habenular
commissure, pc: posterior commissure. Scale: 1 mm × 5. From Hikosaka (2007a).
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Figure 2.
Afferent and efferent connections of the habenula. The medial habenula (MHb), lateral
habenula (LHb), and pineal body (PB) are collectively called the epithalamus. The MHb
receives inputs mainly from the supracommissural septum (S) and sends outputs to the
interpeduncular nucleus (IP). The LHb receives inputs mainly from the basal ganglia and limbic
regions and sends outputs to the brain structures containing DA neurons and serotonin neurons.
Afferent and efferent connections of the habenula are conveyed by the stria medularis (sm)
and fasciculus retroflexus (fr), respectively. Green and blue lines indicate the axonal
connections associated with the MHb and LHb, respectively; black lines are associated with
both. The thickness of the line implies the strength of the connection. Many other connections
are not shown, including reverse connections (e.g., from DR/VTA to LHb). SNc: substantia
nigra pars compacta, VTA: ventral tegmental area, DR: dorsal raphe, MR: medial raphe, S:
septum, DBB: nucleus of diagonal band of Broca, BST: bed nucleus of stria terminalis, LPO:
lateral preoptic area, LH: lateral hypothalamus, GPi: globus pallidus internal segment, CPu:
caudate and putamen, sm: stria medullaris, fr: fasciculus retroflexus. Modified from Hikosaka
(2007a).
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Fig. 3.
How the LHb control behaviors: a hypothesis. Events would occur from left to right. Upward
arrows indicate increases; downward arrows indicate decreases. The sequence is by no means
exclusive; for example, DA neuron activity can be influenced by many other inputs not shown
here.
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