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Abstract

The habenula (Hb) is a central structure connecting forebrain to midbrain regions. This
microstructure regulates monoaminergic systems, notably dopamine and serotonin, and integrates
cognitive with emotional and sensory processing. Early preclinical data have described Hb as a
brain nucleus activated in anticipation of aversive outcomes. Evidence has now accumulated to
show that Hb encodes both rewarding and aversive aspects of external stimuli, thus driving
motivated behaviors and decision-making. Human Hb research is still nascent but develops
rapidly, alongside with the growth of neuroimaging and deep brain stimulation techniques. Not
surprisingly Hb dysfunction has been associated with psychiatric disorders, and studies in human
patients have established evidence for Hb involvement in major depression, addiction and
schizophrenia, as well as in pain and analgesia. Here we summarize current knowledge from
animal research, and overview the existing human literature on anatomy and function of the Hb.
We also discuss challenges and future directions in targeting this small brain structure in both
rodents and humans. By combining animal data and human experimental studies, this review
addresses the translational potential of preclinical Hb research.
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INTRODUCTION

The habenula (Hb) is a bilateral epithalamic structure, evolutionary conserved among
vertebrates (1-3). This small brain nucleus is composed of two subdivisions —the medial
(MHDb) and the lateral habenula (LHb)- and has a central anatomical position in the brain
connecting the forebrain to the ventral midbrain and hindbrain (4, 5). The Hb regulates
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midbrain monoaminergic systems, notably dopamine and serotonin, and integrates cognitive
with emotional and sensory processing.

A keystone study in rhesus monkeys originally described the structure as a brain nucleus that
is activated in anticipation of aversive outcomes, or failure to obtain reward, and in turn
suppresses motor behavior (6). Hb function has since attracted increasing attention in both
neuroscience and the clinic. Preclinical data have now accumulated to show that Hb encodes
both rewarding and aversive aspects of external stimuli. The general view from animal
research is that habenula activity prevents behaviors leading to negative reward such as
punishment, while reinforcing behaviors with positive reward value (7), thus driving
motivated behaviors and decision-making (8). Consequent to this highly integrative function,
Hb also contributes to learning and memory (9) as well as a range of other behaviors (8, 10).
Not surprisingly, therefore, Hb dysfunction has been associated with psychiatric disorders,
and studies in human patients have established evidence for Hb involvement in major
depression (11, 12), addiction (11, 13) schizophrenia (14) and Attention Deficit
Hyperactivity Disorder (ADHD) (15), as well as in pain and analgesia (10).

Although still limited, human Hb research is expected to develop rapidly in the next decade,
while knowledge on Hb anatomy, connectivity and function in non-human primates and
rodents is increasing exponentially (16). Here we briefly summarize current knowledge from
animal research, and extensively review the existing human literature on Hb structure and
function. Focus is on psychiatric disorders (main text), and a section on pain and analgesia is
also proposed (Supplementary Materials). We will also discuss the translational potential of
preclinical research to understand Hb function in humans and for psychiatry.

ANATOMY

Rodents

Most knowledge on Hb connectivity, as well as morphology and neurochemistry of Hb
neurons, stems from studies in animals. In brief, retrograde and anterograde tracing studies
in rodents (4) and electrophysiological studies in non-human primates (5) have provided a
detailed description of afferent and efferent connections of the Hb complex, summarized in
Figure 1. Because of their distinct input/output structures, LHb and MHb seem to form
parallel channels regulating the information flow from forebrain to midbrain.

Electrophysiology and morphological analyses of rat Hb slices show distinct intrinsic
circuitries within the two nuclei, confirming different information processing at the two
sites, and also reveals asymmetrical MHb projections to LHb within the Hb complex (17).
The latter observation, which deserves further investigation, suggests potential interactions
across the two circuitries whose functional implications remain unknown. Whether similar
parallel and potentially interacting LHb/MHb networks operate in humans is unknown.

The analysis of LHb cytoarchitecture in rat brain slices shows high morphological
heterogeneity, which is unrelated to electrophysiological characteristics of the neurons (18).
The latter appear surprisingly homogenous throughout the LHb nucleus, and include neuron
populations with silent, tonic or bursting spontaneous activities, as well as neuroglialform
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cells that could be interneurons (18). MHb cells are classified into only two types based on
their dendritic morphology and, regardless from their anatomy, all show similar
electrophysiological activity (17). Notably, the latter study also shows the existence of
asymmetrical projections from MHb to LHb only (17).

Immunostaining, in situ hybridization and anterograde tracing experiments show that LHb
neurons are mostly glutamatergic, with some GABAergic neurons (19). LHb neurons are
also characterized by heterogeneous expression of monoaminergic receptors across sub-
nuclei, mainly dopaminergic D2 receptors and serotonin 5-HT2C receptors (19). Similarly,
MHb contains mainly glutamatergic neurons distributed into three phenotypically distinct
populations, i. e. neurons expressing glutamate alone or co-expressing either substance P or
acetylcholine (19, 20).

Anatomical description of Hb in the human brain remains limited. As for the rodent Hb, the
human Hb is also located next to the third ventricle above the thalamus, and is
approximately 5-9 mm in diameter with a total volume in the 30-36 mm?3 range (21) (mouse
Hb is 0.8 mm in height and width for comparison (22)). Histology of post-mortem human
brain shows partition of Hb into medial and lateral parts, connected by the Hb commissure,
similarly to the partition observed in rodents (23). Another morphologic and
immunohistochemical analysis showed that, overall, the MHb subnuclear organization in
humans is similar to that observed in rodents, whereas the shape, relative size, and
intranuclear organization of the LHb show significant difference (24). One important
difference resides in the substantially enlarged dorsal part of the human LHb that shows
GABA-B receptors immunoreactive cells. This growth in size possibly indicates increased
influence of limbic and striatal afferents into the LHb of humans compared to rodents (24).

Apart from these post-mortem studies and due to its particularly small size, the human Hb
was difficult to investigate structurally until recently. Ultra-high resolution Magnetic
Resonance Imaging (hr-MRI) at 7 Tesla (7T) now allows researchers to visualize and
explore the structure non-invasively.

Using 7T hr-MRI, Strotmann et al. were able to discriminate MHb, LHb and the habenular
commissure /n vivo (25), and also explored structural connectivity of the Hb. Tractography
analysis of diffusion weighted MRI data revealed fiber tracts connecting Hb to other brain
regions for both MHb (anterior posterior direction, in the form of the retroflexus fasciculus
identified in rodents) and LHb (anterior posterior direction and superior inferior direction)
(25). The general topography of Hb connecting forebrain and mid/hindbrain, therefore,
appears similar in rodents and humans. In another study these authors used 7T ultra hr-MRI
ex vivoto further differentiate subnuclei within the Hb. High resolution T1 and T2 weighted
images with 300 and 60pm isotropic resolution, respectively, revealed LHb heterogeneity
with two distinct lateral and medial substructures (26). Ideally, these ex vivo results should
help interpreting /n vivo structural MRI data (25, 26).

Because an increasing number of functional MRI studies, performed at 3T, are reporting
neural activation of human Hb (see next sections), it is critical to isolate this structure from
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adjacent thalamic areas. A study by Lawson et a/. (27) offers a set of guidelines to
anatomically define the Hb for /n vivohr-MRI at 3T in conjunction with a stereotactic atlas
of the human brain. This analysis in native space, as opposed to voxel-wise approaches, aims
at minimizing reductions in spatial specificity and avoiding localization errors during pre-
processing (27).

Overall, the ability to identify human Hb and its connections by using MRI and tractography
has largely confirmed neuroanatomical findings in experimental animals (see Pain and
Analgesia below) and, altogether, supports the notion that structural and functional habenula
characteristics are essentially translatable from rodents to humans. Interestingly also,
transcriptome analysis identifies genes expressed in both rodent and human MHb and/or
LHb, which also have translational potential for Hb research (Figure 2).

DEPRESSION

Rodents

In animal research, the notion that LHb hyperactivity is associated to depressive-like
symptoms, while LHb inhibition improves depressive-like behaviors, is well established
(reviewed in (12)). In the late 80’s, a first rat study showed elevated desoxyglucose
metabolism in LHb across three behavioral models of depression (28, 29). Among main
further findings, an LHb lesion study showed reduced depressive-like behaviors and
increased 5-HT turnover in the DRN of rats subjected to chronic stress procedures (30).
These findings were replicated using other procedures. Similar consequences of LHb lesion
were reported in a 6-OHDA rat model of parkinson’s disease (31), while on the contrary,
LHb activation using a 5-HT2C agonist decreased monoamine levels and increased
depressive-like behaviors in hemiparkinsonian rats (32). Pharmacological inhibition of LHb
by the GABA agonist muscimol had antidepressant effects in congenital helpless rats (33),
and opposite metabolic alterations in Hb (high) and VTA (low) were observed in these rats
(34). A very recent study also showed that enhancement of GABA-GIRK function in the
LHb ameliorates depressive-like behaviors in mice (35).

Further evidence stems from Deep Brain Stimulation (DBS) experiments in rats. Repeated
stimulation of LHb afferences in animals displaying learned helplessness suppressed
synaptic drive onto VTA-projecting LHb neurons and increased escape behavior in an active
avoidance task (36). Hb DBS also improved depressive-like behaviors and increased
monoamine concentrations (dopamine and serotonin) in rats exposed to chronic mild
stressors (37). Rats also showed reduced anxiety levels and increased motivation for food
when LHb was stimulated, (38), substantiating the notion that DBS treatment of the LHb
effectively improves depressive symptoms in rats. LHb DBS in a rat model of depression
was further shown to alter signaling pathways involving Ca2+/calmodulin-dependent protein
kinase, glycogen synthase kinase 3 and AMP-activated protein kinase, and the
phosphorylation status of these molecules was associated with the antidepressant actions of
DBS (39).

Optogenetic stimulation of GABAergic and glutamatergic neurons projecting to the LHb
indicated that LHb activity is controlled by co-release of the two neurotransmitters (40). The
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GABA/Glu ratio was reduced in a mouse model of depression, and in contrast, mice
chronically treated with an antidepressant showed a high GABA/glutamate co-release ratio.
Further supporting to the notion that inhibition/activation balance of LHb activity is key to
mood control and depression. Finally, a recent 18FDG-PET live imaging study in the rat
showed coordinated increased metabolic activity in septum (projecting on MHb) and Hb
during uncontrollable stress that correlated with subsequent learned helplessness behavior
(41).

Human research has identified Hb as a brain structure contributing to mood disorders. An
early PET study showed enhanced coupling between Hb and raphe activities in volunteer
patients experiencing transient depressive relapse upon tryptophan depletion (42). This
report provided first evidence for Hb implication in mood regulation in humans. Further data
reporting structural changes in depressed patients are emerging. A post-mortem histological
study showed decreased volume of both LHb and MHb in depressed patients, diagnosed
with major depression disorder (MDD) or bipolar disorder (BD), showed a reduction of
neuron number in the Hb (23). The authors also processed post-mortem tissues from
schizophrenic patients and found no change (23), suggesting that robust structural Hb
alterations are specific to depressive states. Another study using hr-MRI at 3T to analyze Hb
volumes also showed a decrease of Hb volumes for unmedicated BD patients, as well as
unmedicated female MDD patients (21). Another volumetric MRI study reported increased
volume of Hb white matter for women with a first episode of MDD (43). Recently, a
structural MRI study used grey matter MR images to predict the diagnostic status of
treatment resistant depression subjects compared to healthy controls (44). In this study,
major brain regions supporting the diagnosis classification were caudate, insula and Hb.
Finally, a 7 T MRI study linked the increase of Hb volumes with disease severity in
unmedicated major depressive patients, but not in medicated individuals, further supporting
that changes in Hb volumes are linked to disease development (45). Of note is that
volumetric changes of Hb have not been reported in animals to date, therefore mechanisms
underlying this phenomenon have not been studied yet. Whether structural changes in Hb
relate to functional modifications in depressed patients remains open.

Despite the paucity of Hb-focused human functional MRI data in the area of depression,
there is evidence that the Hb is activated in aversive learning (46, 47). Using high-resolution
fMRI in conjunction with a reinforcement learning paradigm, Lawson et al. (46)
demonstrated positive habenula responses to the changing values of cues signaling
punishments (painful electric shocks). Another study investigated the role of the
dopaminergic midbrain (mainly the VTA) and Hb in the processing aversive events in
humans. Using high-resolution cardiac-gated fMRI (3T), the authors measured functional
activity in the VTA and Hb as well as other midbrain structures while participants were
experiencing rewarding, aversive and neutral stimuli. Results showed strong Hb activation,
as well as increased functional coupling between Hb and VTA in response to aversive
stimuli (47). Although none of these studies directly addresses depressive states, it is
possible that Hb overactivity upon chronic aversive learning contributes to the development
of structural modifications observed in MDD and BD patients. A recent high resolution
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fMRI study examining Hb responses to potential and experienced negative outcome in MDD
confirmed habenular activation during prediction of future losses in a probabilistic guessing
task with healthy patients, but this was not observed in depressive patients (48). The latter
finding demonstrates abnormal habenula activation in response to negative outcome, and
definitely links aversive learning to MDD.

Finally a remarkable success, and perhaps the best example to date for translational Hb
research, comes from DBS studies (49). Sartorius et al. tested the potential benefit of
inhibiting Hb by DBS in two MDD patients with treatment-resistant depression (50, 51).
DBS of the stria medullaris thalami, the major LHb afferent bundle, in a patient with
treatment-resistant reached full and stable remission, and a second patient showed a 50%
improvement of depression symptoms (52). Because this finding is consistent with evidence
from animal studies (36-38, 50), efforts are under way to evaluate the reliability, as well as
pros and cons of this potential therapy.

In the area of depression, therefore, rodent and human data converge to support the notion
that Hb hyperactivity contributes to depressive-like symptoms, and that these symptoms can
be relieved by inhibiting the structure, providing a strong opportunity to treat depression.
Further steps towards this aim include a better understanding of molecular and cellular bases
for this activity in animal studies, determining genetic and environmental factors that lead to
Hb hyperactivity in mood deficits in both rodent models and human patients, and selecting
molecular targets that could allow selective reduction of Hb hyperactivity by
pharmacological means.

ADDICTION

In addiction research, animal studies have been extraordinarily productive to demonstrate the
importance of Hb in neuroadaptations to drugs of abuse and negative consequences of drug
dependence. We here summarize current knowledge with emphasis on recent studies.

Several rodent studies have proposed a role for LHb in cocaine reward and dependence. In a
mouse model of cocaine conditioned place preference (CPP), c-fos immunohistochemistry
showed increased neuronal activation in the LHb of mice undergoing cocaine-primed
reinstatement (53). Another study investigated intrinsic properties of LHb neurons following
cocaine self-administration (SA) in rats, as well as after short and long-term withdrawal
from cocaine. Membrane neuron excitability was increased after short-term withdrawal and
persisted at least 7 days, suggesting that sustained amplification of neuronal signaling in
LHb could be implicated in the long-term negative effects of cocaine use (54). This
hypothesis was strengthened through a recent study of glutamatergic transmission in LHb
projections to the RMTg. Cocaine-treated mice showed synaptic potentiation of these
neurons for at least 14 days, and virally-mediated blockade of GIuALl trafficking in LHb
prevented cocaine-induced depressive-like phenotypes in tail suspension and forced swim
tests (55). GIuA1 trafficking-dependent plasticity in the LHb is a therefore critical for
cocaine-driven aversive states.
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While the LHb is mainly associated with cocaine studies, the MHb subdivision has become
a main focus of interest in the area of nicotine research (56, 57). Several nicotinic receptors
subunits are highly expressed in the MHb-interpeduncular pathway, including mainly a.3p4
receptors but also a2-a6 and p2—p4 subunits (58), and knockout mouse studies addressing
the role of distinct subunits in rodent models of nicotine addiction have been reviewed
recently (13). Notably, nicotine acting at a3p4 receptors in MHb was shown to directly
modify mesolimbic dopamine responses (59). Circuit mapping also identified a 5 nicotinic
subunits at the level of the interpeduncular nucleus (IPN), the main MHb output structure,
forming a possible link to serotonergic centers of the brain (60). A recent study showed that
optogenetic silencing of MHb input to the IPN, and also pharmacological blockade of CRF1
receptors in the IPN, both reduce nicotine withdrawal-induced anxiety, possibly implicating
a VTA-MHDb-IPN circuit (61). Together therefore, a large set of rodent studies definitely
establish the importance of the MHb-IPN pathway in negative aspects of nicotine
dependence.

Mu opioid receptors are strongly expressed in the habenular, mainly within MHb (20), and
likely interact with cholinergic transmission. In rats, blockade of a3p4 nicotinic receptors in
MHb and IPN attenuates sensitization of the dopamine response to repeated morphine
administration, and chronic exposure to morphine enhances cholinergic signaling in the
MHb (62). Whether the MHb-IPN pathway contributes to opioid addiction, however,
remains open and, more generally, a potential role for LHb and MHb in opioid and alcohol
reward and dependence has not been studied in rodent as yet.

Finally, in order to potentially translate rodent research to clinical applications, DBS was
used in rats to examine whether LHb stimulation would lead to decrease cocaine
consumption in a set of two studies (63, 64). In this work, retrograde tracing experiments
showed dose-depend degeneration of the fasciculus retroflexus (FR) after extinction and
reinstatement of cocaine SA, suggesting decreased LHb-midbrain connectivity upon cocaine
SA. Focusing on the LHb, the authors conducted DBS during maintenance, extinction and
reinstatement of cocaine SA, and found that DBS reduced cocaine intake and seeking, at
least in rats that SA low doses of cocaine. The two studies together provide support for LHb-
targeted DBS in the treatment of cocaine dependence (65), but there is no reported study in
humans as yet. Current studies are evaluating the efficacy of DBS in human addiction and
have mainly focused on the NAc and STN, LHb may also be a target of interest in this
context (66).

At present, studies in humans are scarce and will undoubtedly develop in upcoming years.
Related to substance use disorders and reward processing, are studies addressing reward
prediction error (RPE), a fundamental dimension of associative learning. In monkeys, a
grounding electrophysiological study by Matsumoto and Hikosaka demonstrated that LHb
neurons are excited by negative prediction error (unpleasant event or absence of reward) and
inhibited by unexpected reward, therefore encoding RPE rather than reward per se (6).
Recent studies have explored RPE in the context of drug abuse showing correlation between

Biol Psychiatry. Author manuscript; available in PMC 2018 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Boulos et al.

Page 8

RPE and addiction not only in rodents but also in humans with cocaine (67), cigarette
smoking (68, 69) and alcohol (70).

To date, two fMRI studies have provided evidence that RPE activates the human habenula
(71, 72). A pilot study scanned subjects in a 3T MRI scanner during a juice-delivery task,
and data revealed Hb activation during negative prediction error, i.e. when the juice is not
delivered at the expected time (72). Another study further investigated Hb activation using
fMRI together with connectivity analysis, and demonstrated correlated LHb and VTA
activation during a stop-error task measuring the negative prediction error (71). Whether the
Hb networks are altered in addicted individuals remains to be studied.

In a very different context, human genetics indirectly implicates Hb in nicotine addiction
(73). Three meta-analyses have simultaneously found significant association between Single
Nucleotide Polymorphisms (SNPs) and cigarettes smoked per day, and SNPs were included
in the a5-a.3-B4 nicotinic receptor subunits cluster. Nicotinic receptor subunits encoded by
these genes are expressed in several brain areas, but only the MHb and its primary output,
the IPN, show co-expression of all three subunits. These findings therefore integrate Hb
pathways in human nicotine research.

Overall, rodent data identify Hb as a key brain site for addiction research while human Hb
addiction research is still at its infancy. In the latter, an important step will be the mapping of
Hb connectivity and activation in dependent and abstinent individuals, in relation to other
components of reward and aversion networks. Another potential approach yet to be used is
deep brain stimulation of the Hb for the treatment of craving and relapse representing the
greatest challenge in the area of substance use disorders. As was done for MDD, such
studies should be done in both rodents and humans using translational designs.

SCHIZOPHRENIA

Because of the complex connectivity of Hb to multiple forebrain and hindbrain circuits,
similar in rodents, non-human primates and humans, it is anticipated that Hb activity
impacts multiple dimensions of normal behavior, with implications for disease beyond
depression and addiction. Here we focus on the possible role of Hb in schizophrenia.

Tightly linked to predicting errors are decision-making processes, and rat studies have
demonstrated causal implication of LHb in subjective decision-making. Stopper and
Floresco used /n vivo electrophysiology to manipulate phasic dopamine signaling during a
risk/reward decision-making task, and showed that LHb stimulation prior to choice redirects
the selection of action away from the preferred or rewarded outcome (74). Conversely, LHb
inactivation abolishes the previously described choice biases, favoring random patterns of
choice behavior (14, 75). This particular function of Hb may be relevant to schizophrenia
research (14), as reinforcement learning deficits and misusing feedback to appropriately
guide decision-making are integral aspects of schizophrenia (76, 77).

In humans, anatomical modifications in Hb have been linked to schizophrenia. An early
computed tomographic study on post-mortem human brain slices showed increased
calcification in the Hb of schizophrenic patients (78). Post-mortem immunochemistry also
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showed reduced capillary densities specifically in the Hb of schizophrenic patients, as well
as reduced density of neurons expressing ABCB1 (ATP-binding cassette transporter) whose
malfunction has been associated in schizophrenia (79).

FMRI coupled to a visual-spatial match-to-sample task further showed that patients with
schizophrenia lack appropriate modulation of Hb activity in adaptive response to feedback
and errors (80). This finding suggests that pronounced deficits observed in schizophrenic
patients in situations of problem solving and learning could result from an alteration of
habenula-mediated feedback processing. Further studies are necessary to confirm this
hypothesis, with perhaps selected schizophrenic patient subgroups.

Of note also is that LHb lesions in the rat induce behavioral deficits in the Morris Water
Maze (81), analogous to deficits of declarative memory in humans known to be impaired in
schizophrenia (82), and also lead to disturbed attention in a 5-CSRT task (83) modeling the
continuous performance test of attention in the clinic where schizophrenia patients score low
(84). Although Hb function in learning and memory has been less well-studied, and engages
processes distinct from those underlying subjective decision-making, evidence from animal
studies all support the notion that Hb research is relevant to cognition in the area of
schizophrenia.

CHALLENGES AND FUTURE DIRECTIONS

In this review, we have organized rodent and human data in three major psychiatric disease
areas: depression, drug dependence and other potential disease areas of psychiatry, notably
schizophrenia. We have also added a section on pain in the Supplementary Materials. Table
1 summarizes functional consequences of Hb manipulations in both rodents and humans
within the four categories.

Basic research in laboratory animals has revealed Hb as a core integration center, which
influences many aspects of behavior. One current goal of rodent research is the genetic
targeting of specific Hb neuron populations in order to dissect circuit mechanisms
underpinning the many Hb-controlled behaviors. Main recent studies demonstrate Hb
implication in emotional or cognitive responses that have not been discussed here. For
example, in the area of stress, fear and anxiety, optogenetic activation of LHb efferent
neurons to the RMTg induced acute and conditioned avoidance (85), ablation of projection
neurons from the triangular septum to the MHb promoted deficits of anxiety-related
behavior, and ablation of neurons projecting from the bed nucleus of the anterior
commissure to MHb led to severe decreases in fear responses and fear learning (86, 87).
Also, specific deletion of CB1 gene in MHb neurons reduced aversive-acquired responses
such as freezing in cued and contextual fear conditioning experiments (88), whereas
optogenetic activation of glutamatergic LHb neurons projecting to the laterodrosal
tegmentum generates fear-like responses and regulates olfactory cue-induced innate fear
(89). In the context of executive functions, another recent study showed that ablation of
MHb neurons increases impulsivity and impairs cognition-dependent functions, including
aversion to delay and effort, deficits in long-term memory and reduced flexibility (90). The
LHb also contributes to behavioral flexibility through utilizing proactive and retroactive
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information when performing decision-making appetitive tasks (91). Finally, Hb integrity
was found essential in processing positive (social play) and negative (social isolation) social
information in juvenile rats, with a specific implication of the medial LHb (92). Whether and
how these activities relate to psychiatric disorders in humans represents an entire field of
investigation for the next decade.

On the human side, a major effort lies in overcoming technical challenges due to the small
size of the Hb. On one hand, high resolution MRI and fMRI now allow accurate targeting of
the structure (25, 27) and manganese-based neuroimaging with minimal toxicity may
develop for patients in the future (93). Also, surgical treatment for psychiatric disorders is
being rekindled and strong efforts are dedicated to deep brain stimulation in sites involving
emotional and behavioral circuitry, among which the Hb (65, 94). Traps and pitfalls of the
technique applied to small deep structures are being addressed, and achieving successful
surgery is becoming feasible (95). Human Hb research should now focus on sharpening
neuroimaging and deep brain stimulation techniques in order to increase both functional
studies and clinical trials. Together, future studies will promote the use of translational
techniques, that is, approaches that can either be used across species or at least have a
predictive value (predict outcome in humans). A corpus of techniques applicable to both
rodents and humans is developing in the field of habenular research, including deep brain
stimulation, magnetic resonance imaging, functional magnetic resonance imaging and some
behavioral tasks or experiments. Efforts are now required on the animal side, particularly in
the area of neuroimaging techniques representing the best translatable analysis tool for brain
activity (96) (97) (98).

In conclusion, Hb research in humans is still in its infancy (see also (99)), but develops at a
rapid pace. Animal research, on the other hand, has become a mature field and has revealed
a vast spectrum of Hb functions throughout emotional and cognitive brain processes,
opening the way to multiple opportunities in terms of potential implications in the clinic.
Upcoming findings in both rodents and humans will contribute to refine our understanding
of habenula’s role, the foundation of which was set in 2007 (6), and perhaps assign a unique
integrative role in reward and aversion processing to this intriguing brain structure. Future
studies will also determine whether Hb-targeted strategies indeed prove efficient in the
treatment of depression, and could perhaps surpass mood disorders for broader applications
in the area of psychiatric disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Habenula connectivity in rodents and humans
Key pathways connecting medial habenula (MHb) and lateral habenula (LHDb), the two

subdivisions of the Hb, to other brain structures. Habenula connectivity is embedded in brain
circuits classically described as reward and emotion circuits, whose dysfunction is
associated to psychiatric diseases reviewed here. A. Structural connectivity in animal
studies: The lateral Hb (LHb) receives inhibitory inputs from the prefrontal cortex (PFC),
ventral pallidum, globus pallidus (GP) and lateral hypothalamus (LH) through the stria
medullaris (SM) and, in turn, sends information to monoaminergic nuclei (5). Projections of
LHb to dopaminergic neurons have been best described, and include direct (ventral
tegmental area (VTA), see (100)) and indirect (tail VTA, see (101, 102)) projections. A
recent tracing study further revealed an equal number of LHb projections to either
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dopaminergic (VTA) or serotonergic (dorsal raphe (DR) and median raphe nucleus (MnR))
nuclei, which are mostly but not exclusively segregated, indicating that LHb regulates the
two monoamine nuclei either independently (the vast majority of LHb projecting neurons) or
jointly (few heterogeneously distributed LHb projecting neurons) (103); both projections are
excitatory (11, 104). The medial Hb (MHb) circuitry is less well known. The medial nucleus
receives mainly excitatory inputs from the septum, nucleus accumbens (NAc) and broca
diagonal band (BDB) (4, 5). and has excitatory projections to the rostromedial tegmental
nucleus (RMTg) but mainly and massively to the interpeduncular nucleus (IPN), which in
turn projects to the VTA and possibly the raphe nuclei (104). Thus, both MHb and LHb
regulate in turn the VTA, DRN and possibly other midbrain and hindbrain structures such as
the Locus Coereulus (LC) (103). Asymmetrical projections from MHb to LHb have been
described (17). B- Functional connectivity in human studies: Hb connectivity established
for both forebrain (in grey) and midbrain/hindbrain (in black) structures by fMRI (10, 21,
105). Abbreviations: CPu: caudate Putamen; Hippo: Hippocampus; Amyg: Amygdala; SNC:
substantia nigra compacta; PAG: periaqueductal gray; RN: Raphe Nucleus; LC: locus
coeruleus; ACC: anterior cingulate cortex.
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Figure 2. Gene transcriptome in the habenula
Genome-wide gene expression studies in rodents show differing expression patterns between

LHb and MHb, as exemplified by Wagner et a/. study (106) or large-scale gene mapping
studies (see Allen Brain Atlas or GENSAT). In our own analysis, data extracted from both
Allen Brain Atlas and Brain Star show the top-100 genes with strongest expression in mouse
(left) and human (right) transcriptomes. Genes from these groups detected in lateral
habenula (LHb, in grey), medial habenula (MHDb, in black) or both (in yellow) are indicated.
Our analysis (Figure 2) of mouse databases confirms differential gene expression in MHb
and LHb, with only a small pool of common genes detected across the two Hb subdivisions.
As for the mouse, our analysis of highly expressed human genes using the same AllenBrain
and BrainStar databases, (Figure 2) unveils differential gene expression in LHb and MHb in
the human brain, supporting the notion of separate functions for the two main Hb nuclei.
Interestingly, comparison of mouse and human transcriptome data reveals a cluster of highly
expressed Hb genes common to humans and rodents. This cluster includes Gpr139encoding
an orphan G protein coupled receptor and Scub encoding a ribosomal protein highly
expressed in MHb, 7¢f7/2encoding a transcription factor best detected in LHb across
species, and several other genes encoding notably the mu opioid receptor, the orphan
receptor GPR151 or subunits of the nicotinic acetylcholine receptors that are well detected
in both subdivisions of the Hb in rodents and humans. All these genes expressed in both
species have translational value for rodent Hb research and potential clinical developments.
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Table 1
Functions mediated by habenula in rodents and human

This table summarizes main preclinical and human studies discussed in this review. Reports for rodents and
humans are categorized based on studies in area of pain and analgesia, depression, addiction and in
schizophrenia (top to bottom). These studies address the medial habenula (MHb), lateral habenula (LHb) or
both. Some of the studies are also reviewed in (10) for pain and analgesia, in (12) for mood and depression, in
(13) for drug dependence and in (14) for schizophrenia. The parallel between rodent and human findings show

promises for effective translation of preclinical research to human psychiatry.

Humans

Functions

Pain and Analgesia
MHb and LhB

fMRI: Noxious Heat activates Hb (108)

Rs-fMRI: Pediatric patients with chronic pain exhibit a reduced Hb rsFC to the rest of
the brain and specifically with forebrain area (105)

Post-mortem histological study (23) and structural MRI studies (21, 44) show
decreased volumes of Hb in MDD and BD patients

Mood and Depression
MHb and LhB

PET study shows enhanced coupling between Hb and raphe activities in volunteer
patients experiencing transient depressive relapse upon tryptophan depletion (41)

Mood and Depression
LhB

DBS of the stria medullaris thalami, the major LHb afferent bundle, reduces symptoms
of treatment-resistant depression (50, 52)

Drug Dependence
MHb

Genetic meta-analyses found association between a5-a.3-p4 cluster and cigarettes
smoked per day. Only the MHb shows co-expression of all three subunits (73)

Drug Dependence &
Schizophrenia
LHb

Computed tomographic study on post-mortem brain slices shows increased
calcification in the Hb of schizophrenic patients (78)

Schizophrenia
MHb and LhB

fMRI study shows that patients with schizophrenia lack appropriate modulation of Hb
activity in adaptive response to feedback and errors (80).

Rodents

Functions

Pain and Analgesia
MHb

Gene Knock down: Medical habenular RSK2 contributes to morphine analgesia (107)

Pain and Analgesia
MHb and LHb

Electrical stimulation of the Hb induces analgesia (109, 110)

Hb: integrative hub for pain control and regulating nociceptive processes (111)

Mood and Depression
LHb

Activation of LHb 5-HT2C receptors increases depressive-like behaviors (32)

LHb lesion studies (30, 31) or pharmacological inhibition (33, 34) reduces depressive-
like behaviors

DBS of LHb reduces depressive-like behavior (36, 37) by suppressing synaptic drive
onto VTA-projecting LHb neurons (36) and increases monoamine concentrations (37)

Optogenetic stimulations of GABA and Glu neurons projecting to the LHb demonstrate
that LHb activity is regulated by corelease of both neurotransmitters (40)

Mood and Depression
MHD and LHb

18EDG-PET live imaging study shows increased activity of Hb that correlates with
subsequent learned helplessness behavior (41)

Drug Dependence
LHb

A cocaine conditioned place preference study shows increased neuronal activation in
the LHb of mice undergoing cocaine-primed reinstatement (53)

Electrophysiological studies show that cocaine induces synaptic potentiation of LHb
neurons (54, 55)

Drug Dependence
MHb

Optogenetic silencing of MHb input to the IPN or pharmacological blockade of CRF1
receptors in the IPN reduce nicotine withdrawal-induced anxiety (61)

Drug Dependence &
Schizophrenia
MHb

Pharmacological Blockade of a3p4 nicotinic receptors in MHb and IPN attenuates
sensitization of the dopamine response to repeated morphine administration (112).

Chronic exposure to morphine enhances cholinergic signaling in the MHb (62).

Biol Psychiatry. Author manuscript; available in PMC 2018 February 15.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Boulos et al.

Humans

Functions

Drug Dependence &
Schizophrenia
LHb

Retrograde labeling shows dose-dependent degeneration of the fasciculus retroflexus
after extinction and reinstatement of cocaine self-administration (64)

DBS of LHb reduces cocaine intake and seeking (63, 64)

Relevant to schizophrenia: LHb stimulation prior to choice redirects the selection of
action away from the preferred or rewarded outcome (14).

Schizophrenia

LHb

LHb lesions in the rat induce memory (81, 113)) and attentional (81) deficits analogous
to cognitive impairments in schizophrenic patients.

Page 21

Abbreviations: rsFC: resting-state functional connectivity; MDD: major depression disorder; BD: bipolar disorder; VTA: ventral tegmental area;
GABA: y-Aminobutyric acid; Glu: glutamate; DBS: deep brain stimulation.
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