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The habenula is a critical regulator of affect, negative reinforcement, avoidance, and coping behavior. It is thus unsurprising that
accumulating evidence supports pivotal roles for habenular circuits in the expression of major psychiatric illnesses including depres-
sion and addiction. Though high levels of mu-opioid receptors (MORs) were identified in the habenula more than a generation ago,
the functional effects of MORs on habenular circuits remained largely unexplored due to challenges of selectively targeting this small
and heterogeneous brain structure. In this SfN mini-symposium report, we highlight studies that resolve how MOR is distributed
across medial and lateral habenular subnuclei and how MOR expression maps onto molecularly defined habenular cell types. We
further describe some of the habenula-intersecting circuits that express MORs and how MOR signaling modulates neural activity
and neurotransmission within these unique habenular circuits and cell types. Going beyond cellular-level effects of MOR signaling,
we illustrate how neural activity in the habenula can influence affect and behaviors associated with opioid analgesia, opioid seeking,
opioid dependence, and opioid withdrawal. Drawing on works outside the opioid field, we suggest commonalities through which
drugs of abuse may influence habenula circuits to induce states of negative affect that contribute to continued drug use or relapse.
Finally, we discuss how better understanding the molecular and functional properties of habenular cell types and circuits can identify
new druggable targets, such as the orphan receptors GPR151 and GPR139, for the treatment of pain, mood disorders, or opioid and
other substance use disorders.

Introduction
The medial (MHb) and lateral habenula (LHb) are critical to the
regulation of affect, avoidance, and coping behaviors and play
pivotal roles in the expression of depression and addiction
(Fig. 1). It has long been known that the habenula contains
high levels of mu-opioid receptors (MORs), and recent studies
have identified some of the functional effects of acute and chronic
opioids on habenula cells and synapses. Several reviews have
detailed the anatomy, connectivity, and functions of the habenula
in rodents and humans (Diaz et al., 2011; Aizawa et al., 2012;
Namboodiri et al., 2016; Boulos et al., 2017; Hu et al., 2020;

Ables et al., 2023). Here we focus on features of MHb and LHb
most relevant for understanding how the actions of MORs on
habenular circuits contribute to addiction and affective states.

Medial Habenula: Anatomy and Neurochemistry
The MHb sits at the center of a compact but highly selective lim-
bic network with distinctive cytoarchitecture, neurochemistry,
and connectivity that support its roles in nicotine and opioid
dependence, mood regulation, and stress-related behaviors. It
receives most of its input from septal and basal forebrain
nuclei—with sparser monoaminergic input from brainstem cen-
ters providing feedback from downstream targets (Herkenham
and Nauta, 1977; Phillipson and Pycock, 1982; Gottesfeld,
1983; Qin and Luo, 2009; Boulos et al., 2017; Szonyi et al.,
2019). MHb can be divided into subnuclei which differ in gene
expression, transmitter profile, and connectivity (Qin and Luo,
2009; Aizawa et al., 2012; Lee et al., 2019; Ables et al., 2023).
The MHb is composed of glutamatergic neurons that project
almost exclusively to the interpeduncular nucleus (IPN) via the
fasciculus retroflexus (Herkenham and Nauta, 1977; Carlson
et al., 2001). This projection is topographically organized such
that dorsal MHb preferentially innervates more lateral regions
of IPN, whereas ventral MHb targets rostral and central IPN
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subregions. The IPN is composed principally of GABAergic neu-
rons that make both local and distal connections to midbrain and
brainstem centers, shaping neural activity within serotonergic
raphe and dopaminergic ventral tegmental area (VTA) pathways
(Molas et al., 2017).

Neurochemically, MHb neurons are remarkable for transmit-
ter corelease and for high levels of receptors targeted by drugs of
abuse. Multiple lines of evidence show that MHb neurons are
uniformly glutamatergic with broad expression of the vesicular
glutamate transporters VGLUT1 and VGLUT2. These can be
divided into two major neurochemical classes: ventral/lateral
neurons that corelease acetylcholine (ACh) and glutamate at
IPN terminals and dorsal glutamatergic neurons that express
substance P (Tac1; Ren et al., 2011; Aizawa et al., 2012; Gorlich
et al., 2013; Frahm et al., 2015; Quina et al., 2017). MHb neurons
express high levels of several nicotinic ACh receptor (nAChR)
subunits including α3, α4, and β4. MHb neurons also express
GABAB receptors, MORs, and cannabinoid CB1 receptors (Lee
et al., 2019; Ables et al., 2023).

In summary, the MHb is a neurochemically specialized relay
that channels limbic information to brainstem monoaminergic

centers via the IPN (Fig. 1A,C). Its distinctive cholinergic–gluta-
matergic circuitry and dense expression of nAChRs and
G-protein-coupled receptors (GPCRs) place it in a unique posi-
tion to influence reward and mood systems, contributing to
addiction vulnerability, processing of aversive experiences, and
regulation of stress responses and affect.

Lateral Habenula: Anatomy and Neurochemistry
The efferent and afferent connections of the LHb were carefully
reviewed by Zahm and Root (2017). While at least half a dozen
cytological subregions of the LHb have been identified, at the
connectivity level the LHb is roughly organized in a gradual
medial-lateral gradient. Broadly speaking, it is possible to con-
ceptualize the medial part of LHb as being connected to more
“limbic” brain regions and the lateral part of LHb to more “pal-
lidal” structures (Herkenham and Nauta, 1977; Zahm and Root,
2017).

The most studied inputs to the LHb include the entopeduncu-
lar nucleus (EPN), several regions of the hypothalamus, VTA,
and ventral pallidum (VP). There is also a relatively abundant

Figure 1. Mu-opioid receptor expression, cellular organization, and circuit functions of the habenula. Schematic overview of recent advances in understanding mu-opioid receptor (MOR)
signaling in the medial (MHb) and lateral habenula (LHb). A–D, Key afferent and efferent connectivity of the MHb (A, inputs; C, outputs) and LHb (B, inputs; D, outputs). The MHb receives inputs
primarily from the medial septum (MS), diagonal band (DB), and lateral septum (LS) and projects almost exclusively to the interpeduncular nucleus (IPN). The LHb integrates glutamatergic and
GABAergic inputs from forebrain and basal ganglia structures, including the ventral pallidum (VP), entopeduncular nucleus (EPN), lateral hypothalamus (LH), lateral preoptic area (LPO), and
ventral tegmental area (VTA), and projects to the VTA, rostromedial tegmental nucleus (RMTg), and dorsal raphe nucleus (DRN). The expression of MOR is highest at the MHb–LHb border. E, Left,
Functional organization of MOR+ habenular circuits. Hb–MOR contributes to withdrawal-associated aversion and despair-like behaviors and MOR+ projections to the DRN regulate anxiety-like
and affective behaviors. Right, Activation of MORs in MHb neurons decreases spontaneous firing while engaging a hyperpolarizing conductance in the IPN but induces a noncanonical facilitatory
effect on the corelease of glutamate (Glu) and acetylcholine (ACh) from MHb terminals. F, Habenula-enriched orphan G-protein-coupled receptors (GPCRs), including GPR151 and GPR139,
represent promising therapeutic targets for selectively modulating opioid-sensitive habenular circuits involved in pain, opioid withdrawal, and addiction. G, Single-nucleus RNA sequencing
(snRNA-seq) and spatial transcriptomics reveal molecularly distinct but evolutionarily conserved neuronal populations across the MHb and LHb in mice and humans, providing genetic access
to discrete opioid-responsive cell types.
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input from the lateral septum (LS) which is understudied but
notable as a brain region with high MOR expression (French
and Siggins, 1980; Simon et al., 2025; Fig. 1B). These inputs are
composed of both glutamatergic and GABAergic synaptic con-
nections. Unlike most other brain regions, the LHb is innervated
by some axons that release both glutamate and GABA, such as
axons arising from the EPN and VTA (Root et al., 2014; Shabel
et al., 2014; Xu et al., 2022). In other afferents, glutamate and
GABA are released from separate populations of convergent neu-
rons, including those arising from VP, lateral preoptic area of the
hypothalamus (LPO), and lateral hypothalamus (Barker et al.,
2017; Faget et al., 2018; Groos et al., 2025). These two different
configurations are intriguing given the possibility that MOR acti-
vation can presynaptically modulate neurotransmitter release.

The LHb also receives notable inputs from monoaminergic
brain centers including raphe nuclei, VTA, and locus ceruleus
(LC). Serotonergic input from the raphe has been shown to
inhibit GABA/glutamate inputs from EPN and reduce LHb burst
firing (Vertes et al., 1999; Shabel et al., 2012; Flanigan et al., 2023;
Mondoloni et al., 2024). There is also dense input to LHb from
VTA, but from primarily nondopamine neurons that release glu-
tamate and/or GABA (Swanson, 1982; Hnasko et al., 2012; Root
et al., 2014; Taylor et al., 2014; Yoo et al., 2016; Warlow et al.,
2025). Perplexingly, some of these LHb-projecting VTA neurons
express transcripts for the dopamine neuron marker Tyrosine
hydroxylase (Th) but may not express other dopamine markers
or release detectable dopamine from their axons in LHb (Li
et al., 2013; Stamatakis et al., 2013). On the other hand, dopamine
receptors are expressed in the LHb and, particularly the dopa-
mine D4 receptor, may be targeted by norepinephrine released
by axons from the LC (Khaled et al., 2014; Root et al., 2015).
As many LC neurons express MOR (Van Bockstaele et al.,
1996), this input may be modulated by opioids.

LHb neurons have local glutamatergic collaterals and project
distally to many brain regions (Herkenham and Nauta, 1977;
Quina et al., 2015). This broad projection pattern is particularly
intriguing given evidence that the frequency of axon collateraliza-
tion is low (Goncalves et al., 2012; Petzel et al., 2017). These paral-
lel, widespread efferents represent a striking contrast to the more
focused projection of MHb neurons to IPN. Widely studied LHb
projection targets include the rostromedial tegmentum (RMTg),
VTA, and dorsal raphe nucleus (DRN; Zahm and Root, 2017;
Fig. 1D). That the VTA and DRN are also innervated by the
GABAergic RMTg suggests that these connections are highly orga-
nized both anatomically and with respect to timing of action
potential activity. Thus, while anatomically small, the LHb con-
nects to a large number of forebrain and brainstem areas, underly-
ing its potent role in the regulation of mood, affect, and behavior.

Habenula Cell Types
Recent advances in single-cell (sc) and single-nucleus (sn) RNA
sequencing as well as translating ribosome affinity purification
(TRAP-seq) approaches have advanced our understanding of
the extensive cellular and molecular heterogeneity of the MHb
and LHb across vertebrate species, including zebrafish (Pandey
et al., 2018), mice (Gorlich et al., 2013; Hashikawa et al., 2020;
Wallace et al., 2020), and humans (Yalcinbas et al., 2025).
Consistent with prior work, sc/snRNA-seq studies show that
the Hb is primarily composed of glutamatergic neurons express-
ing Slc17a6 (VGLUT2). As described above, the MHb contains
multiple populations of glutamatergic neurons including ven-
trally located neurons that coexpress cholinergic markers

(Chat, Slc18a3, Slc5a7) and dorsally located neurons that coex-
press substance P (Tac1). Subclustering ofMHb neurons suggests
at least 5–6 transcriptomically distinct and topographically orga-
nized subtypes in rodents, and three subtypes in humans, that
include cholinergic and substance P neurons. Each of these
genetically defined MHb subtypes expresses a unique combina-
tion of marker genes for neuropeptides (e.g., Cck), transcription
factors (e.g., Pou4f1), and G-protein-coupled receptors (e.g.,
Gpr151). These Hb subtypes are also functionally distinct. For
example, Hashikawa and colleagues demonstrated that exposure
to an acute aversive stimulus engages specificMHb and LHb sub-
types and that different MHb subtypes (marked by expression of
either Spon1 or Cck) show unique electrophysiological
properties.

The LHb also contains 4–6 genetically defined glutamatergic
subpopulations delineated by unique combinations of marker
genes and distinct topographical organization (Hashikawa et al.,
2020; Wallace et al., 2020). While the electrophysiology and func-
tion of these molecular subtypes are less well understood, Wallace
and colleagues used monosynaptic retrograde tracing combined
with single-molecule fluorescence in situ hybridization to demon-
strate that LHb subtypes are organized along themedial-lateral axis
according to their projection targets to the VTA and DRN. For
example, neurons expressing Gpr151 localize to lateral LHb and
project onto VTA and RMTg GABAergic neurons. Neurons
expressing Vgf and Htr2c are in the most medial region of the
LHb and project to the DRN. Human LHb cell types show similar
molecular diversity and topographical organization with several
medial LHb subtypes expressing conserved marker genes such as
HTR2C (Yalcinbas et al., 2025).

Cross-species analyses demonstrated convergence of many
molecularly defined cell types between zebrafish and rodents
(Hashikawa et al., 2020) and rodents and humans (Yalcinbas
et al., 2025). While transcriptomically defined cell types in LHb
and MHb appear to be largely conserved across species, more
work is needed to understand whether the connectivity and func-
tions of these genetically defined cell types are also conserved.
One species divergence may be the presence of rare neurons
within the dorsal Hb of the zebrafish that express GABAergic
markers (Gad1b, Gad2, Slc32a1; Pandey et al., 2018). Though
some work suggests that there may be a small population of
LHb neurons that express a subset of GABAergic markers in
rodents, it remains unclear if these neurons have the capacity
to release GABA (Flanigan et al., 2020; Quina et al., 2020;
Waung et al., 2022). Molecular profiling studies of the rodent
and human Hb have not identified populations of GABAergic
neurons, but this may be due to undersampling as rare popula-
tions can be missed by sn/scRNAseq approaches.

Taken together, single-cell and spatial transcriptomics studies
have revealed the molecular and anatomical heterogeneity of
MHb and LHb subtypes and established key molecular markers
that can be harnessed for genetic access to these cell populations
to better understand their electrophysiology, connectivity, and
function. These cross-species datasets can also be leveraged to com-
putationally predict interacting cell types and nominate conserved
disease-relevant cell-type and circuit-specific signaling pathways
that can be functionally tested in model systems (Fig. 1G).

Mu-Opioid Receptor Expression and Signaling in
Habenula Circuits
The habenula has long been known as a region with intenseMOR
binding (Herkenham and Pert, 1980; Mansour et al., 1987) and
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mRNA expression (Mansour et al., 1994). However, early studies
could not clearly distinguish between MHb and LHb. More
recent techniques and higher resolution imaging reveal MOR
protein and mRNA localized to both regions (Gardon et al.,
2014; Popat et al., 2026). Across species, transcripts encoding
MOR are expressed in both MHb and LHb, especially at the bor-
der between the two subdivisions. In the human Hb, OPRM1 is
most highly expressed in MHb cholinergic neurons and in two
different LHb subtypes (Yalcinbas et al., 2025). In mice, Oprm1
is expressed in a Gpr151-expressing LHb population and in a
subset of transcriptionally defined cholinergic and Tac1-express-
ing MHb neurons (Hashikawa et al., 2020).

Electrophysiologically, MOR activation in MOR-expressing
MHb neurons decreases spontaneous firing rate ex vivo and
activates a hyperpolarizing conductance in a subset of MOR-
expressing IPN neurons (Chittajallu et al., 2025; Singhal et al.,
2025; Fig. 1E). MHb axon terminals in the IPN also respond to
MOR activation, but with an unusual impact for opioid recep-
tors. Here, MOR activation increases the synaptic release of glu-
tamate and acetylcholine. A similar effect was observed after
GABAB receptor activation on Chat-expressing MHb terminals
in IPN (Zhang et al., 2016), demonstrating that at least two
Gi-coupled GPCRs can drive noncanonical facilitatory effects
at this synapse. This sets up an intriguing opportunity for endog-
enous opioid peptides to have very different impacts on activity
in this circuit when released in the MHb versus the IPN.

In the LHb, MOR expression is diffuse, with greater abundance
in the posterior half of the structure (Popat et al., 2026). Patterns of
protein detected with immunocytochemistry suggest that a sub-
stantial proportion of MOR expression in the LHb is on fibers,
likely including axonal innervation. This is consistent with whole-
cell electrophysiological recordings showing that somatodendritic
MOR activation produces a modest hyperpolarization in only ∼1/
3 of LHb neurons (Margolis and Fields, 2016). Presynaptic MOR
control of glutamatergic inputs onto LHb neurons was also
detected in aminority of neurons, but inhibition of neurotransmit-
ter release in these cases was pronounced. MOR activation also
inhibits GABA release onto most LHb neurons, although the
effect size is somewhat modest. Interestingly, there was a conver-
gence of pre- and postsynaptic effects: neurons that received gluta-
matergic inputs that were inhibited by MOR activation also
showed a postsynaptic outward (inhibitory) current. The strong
MOR-induced inhibition of glutamate release is relatively specific
to inputs arising from the LPO, with little to noMOR inhibition of
other glutamatergic inputs (Waung et al., 2022). Thus, at this
specific circuit connection, MORs both presynaptically remove
excitatory drive and postsynaptically inhibit activity.

Together, these anatomical and functional findings lay the
groundwork for understanding how MORs in MHb and LHb
contribute to a variety of behaviors.

Habenula in Pain, Opioid Seeking, and Dependence
Habenular circuits sit at the nexus of pain processing and emo-
tional valence, positioning them to influence the transition
from opioid-induced euphoria to both the aversive emotional
states and physical pain associated with opioid use disorder
(OUD). Indeed, recent evidence suggests the Hb is critical for
regulating both the analgesic effects of MOR agonists and the
aversive, negative affective states that emerge during opioid
dependence and withdrawal (Boulos et al., 2020; Waung et al.,
2022; Ozdemir et al., 2026). The MHb–IPN is a well-established
mediator of nicotine withdrawal, aversion, anxiety, and

stress-induced coping behavior (Molas et al., 2017; Klenowski
et al., 2022). Studies have revealed anatomically and molecularly
distinct MHb–IPN subcircuits that regulate aversion, resilience,
and despair-like states (Yoo et al., 2021; Handa et al., 2025;
Wang et al., 2025; Lin et al., 2026). The LHb also contributes
to affect by encoding “disappointment” or negative reward
prediction errors (Matsumoto and Hikosaka, 2007; Bromberg-
Martin and Hikosaka, 2011), its hyperactivity is widely recog-
nized as a core mechanism underlying depressive disorders (Li
et al., 2011; Kaye and Ross, 2017; Yang et al., 2018b), and LHb
modulation is being explored as a therapeutic target for clinical
depression (Sartorius et al., 2010; Yang et al., 2018a). The LHb
can translate aversive stimuli into behavioral adaptations by
exerting strong control over the monoaminergic midbrain sys-
tems via divergent projections to VTA and DRN, both directly
and indirectly through the RMTg (Jhou et al., 2009). Within
this circuitry, specific efferent pathways contribute to distinct fac-
ets of depressive behaviors: LHb–DRN projections mediate pas-
sive coping and perseverative reward-seeking behaviors during
stress (Coffey et al., 2020), whereas RMTg and VTA projections
drive behavioral avoidance and dopamine suppression following
reward omission (Proulx et al., 2014; Tian and Uchida, 2015).

MOR agonists exert analgesic effects by acting directly within
the LHb but do not produce reward in the absence of pain
(Waung et al., 2022). A critical input driving the aversive experi-
ence of pain originates in the LPO. Glutamatergic LPO projec-
tions to the LHb are excited by noxious stimuli and
preferentially inhibited byMOR agonists. Optogenetic inhibition
of these projections also produces pain relief without generating
rewarding effects in the absence of pain, demonstrating a decou-
pling of opioid analgesia and reward. Pain also induces down-
stream negative affect and comorbid depressive symptoms that
are modulated by a DRN to central amygdala to LHb circuit.
Inhibition of this pathway precipitates depression-like behaviors
while activation reduces them (Zhou et al., 2019). Molecularly,
intracellular signaling via the Ser/Thr kinase RSK2 within the
Hb is required to mediate MOR-induced analgesia, highlighting
a specific downstream signaling cascade (Darcq et al., 2012).

One key aspect of OUD is a characteristic negative emotional
state during chronic use, withdrawal, and abstinence. Avoidance
of withdrawal is a principal driver of relapse (Welsch et al.,
2020). A transition from opioid-induced positive reinforcement
to negative affect can happen rapidly, even within a single opioid-
taking session. During oral fentanyl self-administration, animals
transition from a “loading” phase (characterized by positive
50 kHz vocalizations) to a “maintenance” phase (characterized
by negative 22 kHz vocalizations). Photometry recordings have
shown that LHb reactivity to fentanyl-associated cues is amplified
while in this negative affective state (Coffey et al., 2023).

The LHb and MHb govern distinct facets of the withdrawal
syndrome via separate output pathways. MOR signaling in
Chnrb4-expressing MHb neurons normally functions to limit
aversion, and when MOR is genetically deleted from
Chnrb4-expressing neurons, systemic opioid antagonist adminis-
tration is no longer aversive (Boulos et al., 2020). Further, this
knock-out mitigates somatic signs of opioid withdrawal.
Optogenetic stimulation of MOR-expressing habenular neurons
projecting to the IPN triggers behavioral despair. It is intriguing
that this type of stimulation may generate activity similar to
what happens when MORs are activated on MHb terminals in
the IPN (Singhal et al., 2025). Conversely, optogenetic stimulation
of MOR-expressing habenular neurons that project to the DRN
triggers anxiety-like behaviors (Bailly et al., 2023; Fig. 1E). In
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mice, high doses of the opioid receptor antagonist naloxone
induced conditioned place avoidance (CPA) and increased intra-
cellular calcium in MOR-expressing habenular neurons in opioid-
naive mice (Ozdemir et al., 2026). In opioid-dependent mice, a
lower dose of naloxone was sufficient to drive similar responses.
Chemogenetic inhibition of MOR-expressing habenular neurons
prevented naloxone-induced CPA in both opioid-naive and
opioid-dependent mice and attenuated somatic withdrawal signs
in dependent mice, indicating increased sensitivity and functional
relevance of these neurons during opioid withdrawal. Directly
downstream of MHb, ablation of nucleus incertus-projecting
IPN GABA neurons similarly blunted naloxone-induced CPA in
dependent mice (Liang et al., 2024).

While the MHb influences somatic withdrawal and general-
ized aversion via the IPN, LHb output to raphe nuclei modulates
specific behavioral deficits during withdrawal (Clerke et al.,
2021). Withdrawal from opioids caused a depressive-like beha-
vior state driven by aberrant excitatory transmission in
DRN-projecting LHb neurons. Morphine withdrawal also
decreased the ratio of AMPA to NMDA receptor-mediated cur-
rents when stimulating excitatory inputs onto raphe- but not
VTA-projecting LHb neurons (Valentinova et al., 2019).
Chemogenetic inhibition of this connection produces social
deficits that are similar to those observed during opioid with-
drawal. Conversely, inhibiting raphe-projecting LHb neurons
under highly stressful, nondrug conditions promotes resilience
and increases active coping (Coffey et al., 2020), suggesting the
behavioral impact of inhibiting the LHb projection to the raphe
is highly dependent upon behavior state.

Chronic opioid exposure induces profound structural and tran-
scriptomic alterations in the entire Hb. In humans that had OUD
and used heroin, significant volumetric reductions and decreased
neuronal cell counts are observed across bothMHb and LHb com-
pared with healthy controls (Muller et al., 2021). At the molecular
level, chronic fentanyl self-administration in rats triggered tran-
scriptional adaptations in the Hb including upregulation of genes
associated with synaptic transmission and ionic conductance and
downregulation of genes governing extracellular matrix, myelina-
tion, and glial support (Magnard et al., 2025).

Recent studies also underscore the essential role of non-
neuronal cells in Hb function. In fact, the depression of glutama-
tergic synaptic transmission onto raphe-projecting LHb neurons
that is observed during morphine withdrawal is dependent on
neuroimmune signaling (Valentinova et al., 2019). Morphine
withdrawal induces structural adaptations in local microglia
and provokes the release of tumor necrosis factor-alpha
(TNF-α). This cytokine acts on neuronal TNF receptor 1
(TNF-R1) in the LHb to reduce AMPAR transmission; deleting
TNF-R1 in the LHb rescues the social deficits induced by mor-
phine withdrawal. Glial-neuronal interactions are also essential
in the MHb. The adult MHb relies on glial cells to tune neuronal
activity via unconventional excitatory glycinergic NMDA recep-
tors, a mechanism that is required for the expression of negative
affective states and lithium-induced CPA (Otsu et al., 2019).

Parallels to Nicotine and Other Abused Substances
Opioid addiction shares some core biological and behavioral fea-
tures with nicotine dependence and with other substance use dis-
orders, despite differences in pharmacology. As described above,
the MHb–IPN pathway is enriched in α3, α5, and β4 nAChRs
encoded by the CHRNA5–CHRNA3–CHRNB4 gene cluster and
is recognized as a major substrate for nicotine-induced aversion,
withdrawal, and anxiety-like states (Fowler et al., 2011; Frahm

et al., 2011; Antolin-Fontes et al., 2015). Human genetic studies
converge on this pathway: common and rare variants in
CHRNA5, and to a lesser extent in CHRNB4 and CHRNA3, are
associated with nicotine dependence risk and with vulnerability
to alcohol and cocaine use disorders (Bierut, 2009; Hallfors
et al., 2013; Haller et al., 2014; Lassi et al., 2016; Wills et al.,
2022). The best characterized risk allele, CHRNA5 rs16969968,
increases risk for heavy smoking and related morbidity, and
knock-in mice carrying Chrna5 or Chrnb4 risk variants show
increased nicotine intake and decreased aversion (Fowler et al.,
2011; Frahm et al., 2011; Slimak et al., 2014; Husson et al.,
2020). Manipulating α5/β4-containing nAChRs in the MHb–
IPN axis changes both somatic and affective nicotine-withdrawal
signs as well as nicotine intake, indicating that this circuit nor-
mally constrains consumption. Importantly, the Chrna5 risk var-
iant that promotes nicotine dependence also enhances morphine
reward in female mice and has been linked to alcohol use pheno-
types, suggesting that a partial loss of function of α5-containing
nAChRs represents a shared susceptibility mechanism across
nicotine, opioid, and alcohol addiction (Husson et al., 2020;
Brynildsen et al., 2022; Wills et al., 2022). Human imaging
work also reports altered habenular connectivity in opioid users
carrying CHRNA5 rs16969968, further underscoring the transla-
tional relevance of this pathway (Curtis et al., 2017).

Recent work shows that opioid receptors are expressed on
these same habenular pathways. Specifically, MORs are highly
enriched in a subset of MHb neurons that express
β4-containing nAChRs, and conditional deletion of Oprm1 in
this β4-positive population reduces naloxone-induced place
aversion and both morphine- and mecamylamine-precipitated
withdrawal, with little effect on morphine reward (Boulos et al.,
2020). Further, intra-MHb or intra-IPN administration of the
α3β4 nAChR antagonist 18-methoxycoronaridine decreases
morphine self-administration and withdrawal in rodents (Glick
et al., 2000, 2006, 2008; Panchal et al., 2005). Interestingly,
chronic nicotine shifts glutamatergic and GABAergic signaling
within the MHb–IPN pathway and gradually biases the circuit
from encoding low-dose nicotine aversion toward permissive,
high-level intake (Fowler et al., 2011; Frahm et al., 2011;
Antolin-Fontes et al., 2015; Wills et al., 2022).

The cannabinoid system adds a further axis of convergence.
Anatomical and functional studies reveal robust CB1 receptor
expression on MHb axon terminals in the IPN and on
GABAergic inputs to the MHb from the medial septum. CB1
receptor signaling on MHb axon terminals selectively inhibits
cholinergic transmission and modulates the expression of aver-
sive memories (Hsu et al., 2014; Soria-Gomez et al., 2015).
Because MHb neurons corelease glutamate and acetylcholine at
IPN synapses, changes in glutamate and ACh release from termi-
nals enriched with MOR and CB1 are expected to alter activation
of presynaptic nAChRs on habenular terminals and postsynaptic
nAChRs in the IPN, thereby tuning circuit responses to both nic-
otine and opioids (Antolin-Fontes et al., 2015).

Taken together, these findings position the Hb as a general-
ized “withdrawal hub” through which overuse of opioids, nico-
tine, cannabinoids, alcohol, and stimulants drive dysphoria,
anxiety, and relapse. They further suggest that targeting receptors
expressed in the habenula may provide therapeutic strategies that
span multiple substance use disorders.

Orphan GPCRs as Therapeutic Targets
One promising category of therapeutic targets that have received
recent attention is orphan GPCRs that are highly expressed in
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the Hb (Lorente et al., 2025; Fig. 1F). Not only are these receptors
enriched in specific subpopulations of habenular neurons, but
their expression is also quite low outside of the Hb, raising the pos-
sibility that the incidence of unwanted side effects from pharmaco-
logically targeting these receptors will be low. Two examples,
GPR151 (Broms et al., 2015; Antolin-Fontes et al., 2020; Allain
et al., 2022; Ibanez-Tallon et al., 2026) and GPR139 (Wang
et al., 2019; Ozdemir et al., 2026), illustrate how Hb-enriched
receptors may interact with opioid-sensitive circuits.

GPR151 is preferentially expressed in MHb and LHb neurons
compared with the rest of the CNS. It localizes along axons and
synaptic terminals where it is enriched near the active zone and
synaptic vesicles and is also found in the somatodendritic region
of Hb neurons (Broms et al., 2015; Antolin-Fontes et al., 2020).
GPR151 is Gi/o-coupled and preferentially engages Gαo, lowers
cAMP, and acts as a brake on glutamatergic transmission and
synaptic plasticity. Knock-out studies indicate that GPR151 con-
tributes to Hb-dependent behaviors, including responses to nic-
otine and opioids (Antolin-Fontes et al., 2019, 2020) and social
reward (Allain et al., 2022). Specifically, in GPR151 knock-out
mice, there is a reduction in the aversive impact and motivational
“off-signal” for nicotine and opioids, producing blunted sensitiv-
ity, but increased self-administration. Reexpression of GPR151 in
habenular neurons returned self-administration to control levels,
demonstrating that its role in drug reinforcement is circuit
specific rather than a generalized developmental consequence
of the knock-out. Work on social reward showed that both
MOR and GPR151 in the Hb contribute to social preference.
Deletion of either in Chrnb4-expressing neurons decreased social
interactions with novel mice compared with controls, supporting
the idea that inhibitory GPCR signaling in these structures may
dampen aversive tone and permit rewarding social interaction.
This provides a conceptual framework in which GPR151 may
tune habenular MOR neurotransmission and influence vulnera-
bility to addictive behaviors across drug classes.

GPR139 provides a complementary example. It is an orphan
GPCR also enriched in the Hb and a limited number of other brain
regions that contribute to motivation and reward processing (Wang
et al., 2019). GPR139 actions can oppose MOR signaling, including
through activation of Gq-dependent pathways. This makes GPR139
particularly attractive in the context of opioid dependence, where
therapeutic goals may include the reduction of withdrawal-associ-
ated distress. Indeed, new findings show that pharmacological block-
ade of GPR139 can decrease the aversive impact of naloxone-
precipitated morphine withdrawal (Ozdemir et al., 2026).

A model may thereby be emerging where GPR151 sets the
synaptic gain of aversion-signaling habenular pathways in a
manner that cooperates with MOR, whereas GPR139 acts as an
opposing “anti-opioid” system. This conceptual framework sup-
ports a strategy in which orphan GPCRs that are coexpressed
with MOR could be targeted to modulate specific negative-affect
circuits in the context of pain, addiction, or mood disorders. By
avoiding the broad physiological and behavioral effects associ-
ated with the direct targeting of MOR across central and periph-
eral systems, such a strategy may minimize off-target effects that
limit the clinical utility of MOR agonists and antagonists.

Concluding Remarks
The studies reviewed here support an updated view of the Hb in
opioid biology. Rather than acting as a uniform aversion center,
the Hb contains molecularly, anatomically, and functionally dis-
tinct subcircuits through whichMOR signaling shapes emotional

state and addiction-related behavior. In the MHb,
MOR-enriched pathways projecting to IPN regulate aversion,
withdrawal, and drug dependence. In the LHb, distinct neuronal
ensembles may encode punishment, safety, drug seeking, and
outcome evaluation, providing a circuit substrate through which
subjects weigh whether to suppress or persist in opioid-seeking
behaviors despite negative consequences. Across both subdivi-
sions, MOR may act as a state-dependent regulator of negative
affect.

A central concept emerging from recent work is that opioid
dependence may alter the gain of habenular circuits. In opioid-
naive subjects, endogenous opioid signaling may constrain habe-
nular output that amplifies aversive experiences and thereby
shape emotional homeostasis. But during dependence and with-
drawal, habenular neurons may be more readily excited, driving
enhanced aversive learning and negative affective states. This
framework provides a circuit-level explanation for why
withdrawal-associated distress is such a powerful driver of
relapse. Recent advances in single-cell and spatial transcrip-
tomics, circuit-specific manipulations, and human molecular
profiling have revealed a rich diversity of habenular cell types
and signaling pathways. These findings suggest that nAChR sub-
types, CB1s, and Hb-enriched orphan GPCRs are distributed in
patterns that make interactions with MORs likely.

Despite this progress, several fundamental questions remain.
Which MHb and LHb cell types express functional MORs across
species, and how are these populations organized within defined
circuits? What are the relative contributions of somatic, presyn-
aptic, and projection-specific MOR signaling to habenular func-
tion, and how are these altered by chronic opioid exposure? An
important challenge will be to determine whether MOR-express-
ing habenular neurons participate in distinct ensembles encoding
punishment, safety, withdrawal, drug seeking, or relapse. Finally,
the extent to which molecular and circuit mechanisms identified
in animal models are conserved in the human Hb and how
genetic risk variants and individual differences in habenular con-
nectivity contribute to OUD, depression, and related affective
disorders remain largely unknown.

The broader implication is that MOR-expressing habenular
circuits may provide a tractable entry point for understanding
the emotional burden of OUD. In this context, orphan GPCRs
and other Hb-enriched signaling systems are particularly prom-
ising because they may allow circuit-selective modulation of
opioid-sensitive pathways while avoiding the broader liabilities
associated with direct manipulation of MOR signaling.
Addressing these questions will be essential for translating mech-
anistic insights into new therapeutic strategies targeting negative
affect, withdrawal, and relapse vulnerability.

References
Ables JL, Park K, Ibanez-Tallon I (2023) Understanding the habenula: a major

node in circuits regulating emotion and motivation. Pharmacol Res 190:
106734.

Aizawa H, Kobayashi M, Tanaka S, Fukai T, Okamoto H (2012) Molecular
characterization of the subnuclei in rat habenula. J Comp Neurol 520:
4051–4066.

Allain F, Carter M, Dumas S, Darcq E, Kieffer BL (2022) The mu opioid
receptor and the orphan receptor GPR151 contribute to social reward
in the habenula. Sci Rep 12:20234.

Antolin-Fontes B, Ables JL, Gorlich A, Ibanez-Tallon I (2015) The
habenulo-interpeduncular pathway in nicotine aversion and withdrawal.
Neuropharmacology 96:213–222.

Antolin-Fontes B, et al. (2019) The habenular receptor GPR151 regulates
addiction vulnerability across drug classes. bioRxiv:720508.

6 • J. Neurosci., November 11, 2026 • 46(45):e1193262026 Darcq et al. • Mu-Opioid Receptor in Habenula Circuits



Antolin-Fontes B, et al. (2020) The habenular G-protein-coupled receptor
151 regulates synaptic plasticity and nicotine intake. Proc Natl Acad Sci
U S A 117:5502–5509.

Bailly J, Allain F, Schwartz E, Tirel C, Dupuy C, Petit F, Diana MA, Darcq E,
Kieffer BL (2023) Habenular neurons expressing mu opioid receptors
promote negative affect in a projection-specific manner. Biol Psychiatry
93:1108–1117.

Barker DJ, Miranda-Barrientos J, Zhang S, Root DH, Wang HL, Liu B,
Calipari ES, Morales M (2017) Lateral preoptic control of the lateral habe-
nula through convergent glutamate and GABA transmission. Cell Rep 21:
1757–1769.

Bierut LJ (2009) Nicotine dependence and genetic variation in the nicotinic
receptors. Drug Alcohol Depend 104:S64–S69.

Boulos LJ, Darcq E, Kieffer BL (2017) Translating the habenula-from rodents
to humans. Biol Psychiatry 81:296–305.

Boulos LJ, Ben Hamida S, Bailly J, Maitra M, Ehrlich AT, Gaveriaux-Ruff C,
Darcq E, Kieffer BL (2020) Mu opioid receptors in the medial habenula
contribute to naloxone aversion. Neuropsychopharmacology 45:247–255.

Bromberg-Martin ES, Hikosaka O (2011) Lateral habenula neurons signal
errors in the prediction of reward information. Nat Neurosci 14:1209–
1216.

Broms J, Antolin-Fontes B, Tingstrom A, Ibanez-Tallon I (2015) Conserved
expression of the GPR151 receptor in habenular axonal projections of ver-
tebrates. J Comp Neurol 523:359–380.

Brynildsen JK, Yang K, Lemchi C, Dani JA, De Biasi M, Blendy JA (2022) A
common SNP in Chrna5 enhances morphine reward in female mice.
Neuropharmacology 218:109218.

Carlson J, Noguchi K, Ellison G (2001) Nicotine produces selective degeneration
in the medial habenula and fasciculus retroflexus. Brain Res 906:127–134.

Chittajallu R, Vlachos A, CaccavanoAP, Yuan X, Hunt S, AbebeD, London E,
Pelkey KA, McBain CJ (2025) Complex opioid-driven modulation of glu-
tamatergic and cholinergic neurotransmission in a GABAergic brain
nucleus associated with emotion, reward, and addiction. Elife 14:
RP106062.

Clerke JA, Congiu M, Mameli M (2021) Neuronal adaptations in the lateral
habenula during drug withdrawal: preclinical evidence for addiction ther-
apy. Neuropharmacology 192:108617.

Coffey KR, Marx RE, Vo EK, Nair SG, Neumaier JF (2020) Chemogenetic
inhibition of lateral habenula projections to the dorsal raphe nucleus
reduces passive coping and perseverative reward seeking in rats.
Neuropsychopharmacology 45:1115–1124.

Coffey KR, Nickelson WB, Dawkins AJ, Neumaier JF (2023) Rapid appear-
ance of negative emotion during oral fentanyl self-administration in
male and female rats. Addict Biol 28:e13344.

Curtis K, et al. (2017) Increased habenular connectivity in opioid users is asso-
ciated with an alpha5 subunit nicotinic receptor genetic variant. Am J
Addict 26:751–759.

Darcq E, Befort K, Koebel P, Pannetier S, Mahoney MK, Gaveriaux-Ruff C,
HanauerA,Kieffer BL (2012)RSK2 signaling inmedial habenula contributes
to acute morphine analgesia. Neuropsychopharmacology 37:1288–1296.

Diaz E, Bravo D, Rojas X, Concha ML (2011) Morphologic and immunohis-
tochemical organization of the human habenular complex. J Comp
Neurol 519:3727–3747.

Faget L, Zell V, Souter E, McPherson A, Ressler R, Gutierrez-Reed N, Yoo JH,
Dulcis D, Hnasko TS (2018) Opponent control of behavioral reinforce-
ment by inhibitory and excitatory projections from the ventral pallidum.
Nat Commun 9:849.

Flanigan ME, et al. (2020) Orexin signaling in GABAergic lateral habenula
neurons modulates aggressive behavior in male mice. Nat Neurosci 23:
638–650.

FlaniganME, Hon OJ, D’Ambrosio S, Boyt KM, Hassanein L, Castle M, Haun
HL, Pina MM, Kash TL (2023) Subcortical serotonin 5HT(2c) receptor-
containing neurons sex-specifically regulate binge-like alcohol consump-
tion, social, and arousal behaviors in mice. Nat Commun 14:1800.

Fowler CD, LuQ, Johnson PM,MarksMJ, Kenny PJ (2011) Habenular alpha5
nicotinic receptor subunit signalling controls nicotine intake. Nature 471:
597–601.

Frahm S, et al. (2011) Aversion to nicotine is regulated by the balanced activ-
ity of beta4 and alpha5 nicotinic receptor subunits in the medial habenula.
Neuron 70:522–535.

Frahm S, Antolin-Fontes B, Gorlich A, Zander JF, Ahnert-Hilger G,
Ibanez-Tallon I (2015) An essential role of acetylcholine-glutamate
synergy at habenular synapses in nicotine dependence. Elife 4:e11396.

French ED, Siggins GR (1980) An iontophoretic survey of opioid peptide
actions in the rat limbic system: in search of opiate epileptogenic mecha-
nisms. Regul Pept 1:127–146.

Gardon O, Faget L, Chu Sin Chung P, Matifas A, Massotte D, Kieffer BL
(2014) Expression of mu opioid receptor in dorsal diencephalic conduc-
tion system: new insights for the medial habenula. Neuroscience 277:595–
609.

Glick SD, Maisonneuve IM, Dickinson HA (2000) 18-MC reduces metham-
phetamine and nicotine self-administration in rats. Neuroreport 11:2013–
2015.

Glick SD, Ramirez RL, Livi JM, Maisonneuve IM (2006)
18-Methoxycoronaridine acts in the medial habenula and/or interpedun-
cular nucleus to decrease morphine self-administration in rats. Eur J
Pharmacol 537:94–98.

Glick SD, Sell EM, Maisonneuve IM (2008) Brain regions mediating alpha3-
beta4 nicotinic antagonist effects of 18-MC on methamphetamine and
sucrose self-administration. Eur J Pharmacol 599:91–95.

Goncalves L, Sego C, Metzger M (2012) Differential projections from the lat-
eral habenula to the rostromedial tegmental nucleus and ventral tegmen-
tal area in the rat. J Comp Neurol 520:1278–1300.

Gorlich A, Antolin-Fontes B, Ables JL, Frahm S, Slimak MA, Dougherty JD,
Ibanez-Tallon I (2013) Reexposure to nicotine during withdrawal
increases the pacemaking activity of cholinergic habenular neurons.
Proc Natl Acad Sci U S A 110:17077–17082.

Gottesfeld Z (1983) Origin and distribution of noradrenergic innervation in
the habenula: a neurochemical study. Brain Res 275:299–304.

Groos D, et al. (2025) A distinct hypothalamus-habenula circuit governs risk
preference. Nat Neurosci 28:361–373.

Haller G, et al. (2014) Rare missense variants in CHRNB3 and CHRNA3 are
associated with risk of alcohol and cocaine dependence. Hum Mol Genet
23:810–819.

Hallfors J, et al. (2013) Scrutiny of the CHRNA5-CHRNA3-CHRNB4 smok-
ing behavior locus reveals a novel association with alcohol use in a Finnish
population based study. Int J Mol Epidemiol Genet 4:109–119.

Handa T, Sugiyama T, Islam T, Johansen JP, Yanagawa Y, McHugh TJ,
Okamoto H (2025) The neural pathway from the superior subpart of
the medial habenula to the interpeduncular nucleus suppresses anxiety.
Mol Psychiatry 30:3752–3764.

Hashikawa Y, Hashikawa K, Rossi MA, Basiri ML, Liu Y, Johnston NL,
Ahmad OR, Stuber GD (2020) Transcriptional and spatial resolution of
cell types in the mammalian habenula. Neuron 106:743–758.e5.

Herkenham M, Nauta WJ (1977) Afferent connections of the habenular
nuclei in the rat. A horseradish peroxidase study, with a note on the
fiber-of-passage problem. J Comp Neurol 173:123–146.

HerkenhamM, Pert CB (1980) In vitro autoradiography of opiate receptors in
rat brain suggests loci of “opiatergic” pathways. Proc Natl Acad Sci U S A
77:5532–5536.

Hnasko TS, Hjelmstad GO, Fields HL, Edwards RH (2012) Ventral tegmental
area glutamate neurons: electrophysiological properties and projections.
J Neurosci 32:15076–15085.

Hsu YW, Wang SD, Wang S, Morton G, Zariwala HA, de la Iglesia HO,
Turner EE (2014) Role of the dorsal medial habenula in the regulation
of voluntary activity, motor function, hedonic state, and primary rein-
forcement. J Neurosci 34:11366–11384.

Hu H, Cui Y, Yang Y (2020) Circuits and functions of the lateral habenula in
health and in disease. Nat Rev Neurosci 21:277–295.

Husson M, Harrington L, Tochon L, Cho Y, Ibanez-Tallon I, Maskos U,
David V (2020) Beta4-nicotinic receptors are critically involved in
reward-related behaviors and self-regulation of nicotine reinforcement.
J Neurosci 40:3465–3477.

Ibanez-Tallon I, Molas S, Proulx CD, Piriz J, Soria-Gomez E (2026) Review:
“the disappointment dilemma: short- and long-term learning from nega-
tive outcomes”. Eur J Neurosci 63:e70522.

Jhou TC, Fields HL, Baxter MG, Saper CB, Holland PC (2009) The rostrome-
dial tegmental nucleus (RMTg), a GABAergic afferent to midbrain dopa-
mine neurons, encodes aversive stimuli and inhibits motor responses.
Neuron 61:786–800.

Kaye A, Ross DA (2017) The habenula: darkness, disappointment, and
depression. Biol Psychiatry 81:e27–e28.

Khaled MA, Pushparaj A, Di Ciano P, Diaz J, Le Foll B (2014) Dopamine D3
receptors in the basolateral amygdala and the lateral habenula modulate
cue-induced reinstatement of nicotine seeking. Neuropsychopharmacology
39:3049–3058.

Darcq et al. • Mu-Opioid Receptor in Habenula Circuits J. Neurosci., November 11, 2026 • 46(45):e1193262026 • 7



Klenowski PM, Zhao-Shea R, Freels TG,Molas S, Tapper AR (2022) Dynamic
activity of interpeduncular nucleus GABAergic neurons controls expres-
sion of nicotine withdrawal in male mice. Neuropsychopharmacology 47:
641–651.

Lassi G, Taylor AE, Timpson NJ, Kenny PJ, Mather RJ, Eisen T, Munafo MR
(2016) The CHRNA5-A3-B4 gene cluster and smoking: from discovery to
therapeutics. Trends Neurosci 39:851–861.

Lee HW, Yang SH, Kim JY, Kim H (2019) The role of the medial habenula
cholinergic system in addiction and emotion-associated behaviors.
Front Psychiatry 10:100.

Li B, Piriz J, Mirrione M, Chung C, Proulx CD, Schulz D, Henn F, Malinow R
(2011) Synaptic potentiation onto habenula neurons in the learned help-
lessness model of depression. Nature 470:535–539.

Li X, Qi J, Yamaguchi T, Wang HL, Morales M (2013) Heterogeneous com-
position of dopamine neurons of the rat A10 region: molecular evidence
for diverse signaling properties. Brain Struct Funct 218:1159–1176.

Liang J, et al. (2024) A brainstem circuit amplifies aversion. Neuron 112:
3634–3650.e5.

Lin F, Casmey K, Codeluppi-Arrowsmith SA, Turecki G (2026) The habenu-
la’s role in major depressive disorder: recent insights from preclinical and
human studies. Transl Psychiatry 16:77.

Lorente JS, Sokolov AV, Ferguson G, Schioth HB, Hauser AS, Gloriam DE
(2025) GPCR drug discovery: new agents, targets and indications. Nat
Rev Drug Discov 24:458–479.

Magnard R, Gonzalez-Padilla D, Yalcinbas EA, Chaloux-Pinette E, Eagles NJ,
Totty MS, Janak PH, Collado-Torres L, Maynard KR (2025)
Transcriptional response to chronic long-access fentanyl self-administra-
tion in rat habenula and amygdala. Addict Biol 31:e70179.

Mansour A, Khachaturian H, Lewis ME, Akil H, Watson SJ (1987)
Autoradiographic differentiation of mu, delta, and kappa opioid receptors
in the rat forebrain and midbrain. J Neurosci 7:2445–2464.

Mansour A, Fox CA, Burke S, Meng F, Thompson RC, Akil H, Watson SJ
(1994) Mu, delta, and kappa opioid receptor mRNA expression in the
rat CNS: an in situ hybridization study. J Comp Neurol 350:412–438.

Margolis EB, Fields HL (2016) Mu opioid receptor actions in the lateral habe-
nula. PLoS One 11:e0159097.

Matsumoto M, Hikosaka O (2007) Lateral habenula as a source of negative
reward signals in dopamine neurons. Nature 447:1111–1115.

Molas S, DeGroot SR, Zhao-Shea R, Tapper AR (2017) Anxiety and nicotine
dependence: emerging role of the habenulo-interpeduncular axis. Trends
Pharmacol Sci 38:169–180.

Mondoloni S, et al. (2024) Serotonin release in the habenula during emotional
contagion promotes resilience. Science 385:1081–1086.

Muller UJ, et al. (2021) Reduced habenular volumes and neuron numbers in
male heroin addicts: a post-mortem study. Eur Arch Psychiatry Clin
Neurosci 271:835–845.

Namboodiri VM, Rodriguez-Romaguera J, Stuber GD (2016) The habenula.
Curr Biol 26:R873–R877.

Otsu Y, et al. (2019) Control of aversion by glycine-gated GluN1/GluN3A
NMDA receptors in the adult medial habenula. Science 366:250–254.

Ozdemir D, et al. (2026) Targeting Mu opioid receptor neurons of the habe-
nula to limit naloxone aversion. Biol Psychiatry [in press].

Panchal V, Taraschenko OD, Maisonneuve IM, Glick SD (2005) Attenuation
of morphine withdrawal signs by intracerebral administration of
18-methoxycoronaridine. Eur J Pharmacol 525:98–104.

Pandey S, Shekhar K, Regev A, Schier AF (2018) Comprehensive identifica-
tion and spatial mapping of habenular neuronal types using single-cell
RNA-seq. Curr Biol 28:1052–1065.e7.

Petzel A, Bernard R, Poller WC, Veh RW (2017) Anterior and posterior parts
of the rat ventral tegmental area and the rostromedial tegmental nucleus
receive topographically distinct afferents from the lateral habenular com-
plex. J Comp Neurol 525:2310–2327.

Phillipson OT, Pycock CJ (1982) Dopamine neurones of the ventral tegmen-
tum project to both medial and lateral habenula. Some implications for
habenular function. Exp Brain Res 45:89–94.

Popat AK, Simon RC, Aoyama BB, Wokhlu A, Ehrlich AT, Harwell CC,
Margolis EB (2026) Mu opioid receptor mRNA and protein localization
across the rat and mouse habenula. J Comp Neurol 534:e70175.

Proulx CD, Hikosaka O, Malinow R (2014) Reward processing by the lateral
habenula in normal and depressive behaviors. Nat Neurosci 17:1146–
1152.

Qin C, Luo M (2009) Neurochemical phenotypes of the afferent and efferent
projections of the mouse medial habenula. Neuroscience 161:827–837.

Quina LA, Tempest L, Ng L, Harris JA, Ferguson S, Jhou TC, Turner EE
(2015) Efferent pathways of the mouse lateral habenula. J Comp Neurol
523:32–60.

Quina LA, Harris J, Zeng H, Turner EE (2017) Specific connections of the
interpeduncular subnuclei reveal distinct components of the habenulope-
duncular pathway. J Comp Neurol 525:2632–2656.

Quina LA, Walker A, Morton G, Han V, Turner EE (2020) GAD2 expression
defines a class of excitatory lateral habenula neurons in mice that project
to the raphe and pontine tegmentum. eNeuro 7:ENEURO.0527-19.2020.

Ren J, Qin C, Hu F, Tan J, Qiu L, Zhao S, Feng G, Luo M (2011) Habenula
“cholinergic” neurons co-release glutamate and acetylcholine and activate
postsynaptic neurons via distinct transmission modes. Neuron 69:445–
452.

Root DH, Mejias-Aponte CA, Zhang S, Wang HL, Hoffman AF, Lupica CR,
Morales M (2014) Single rodent mesohabenular axons release glutamate
and GABA. Nat Neurosci 17:1543–1551.

Root DH, Hoffman AF, Good CH, Zhang S, Gigante E, Lupica CR,MoralesM
(2015) Norepinephrine activates dopamine D4 receptors in the rat lateral
habenula. J Neurosci 35:3460–3469.

Sartorius A, Kiening KL, Kirsch P, von Gall CC, Haberkorn U, Unterberg
AW, Henn FA, Meyer-Lindenberg A (2010) Remission of major depres-
sion under deep brain stimulation of the lateral habenula in a
therapy-refractory patient. Biol Psychiatry 67:e9–e11.

Shabel SJ, Proulx CD, Trias A, Murphy RT, Malinow R (2012) Input to the
lateral habenula from the basal ganglia is excitatory, aversive, and sup-
pressed by serotonin. Neuron 74:475–481.

Shabel SJ, Proulx CD, Piriz J, Malinow R (2014)Mood regulation. GABA/glu-
tamate co-release controls habenula output and ismodified by antidepres-
sant treatment. Science 345:1494–1498.

Simon RC, et al. (2025) Opioid-driven disruption of the septum reveals a role
for neurotensin-expressing neurons in withdrawal. Neuron 113:2325–
2343.e9.

Singhal SM, Szlaga A, Chen YC, Conrad WS, Hnasko TS (2025) Mu-opioid
receptor activation potentiates excitatory transmission at the habenulo-
peduncular synapse. Cell Rep 44:115874.

SlimakMA, Ables JL, Frahm S, Antolin-Fontes B, Santos-Torres J, Moretti M,
Gotti C, Ibanez-Tallon I (2014) Habenular expression of rare missense
variants of the beta4 nicotinic receptor subunit alters nicotine consump-
tion. Front Hum Neurosci 8:12.

Soria-Gomez E, et al. (2015) Habenular CB1 receptors control the expression
of aversive memories. Neuron 88:306–313.

Stamatakis AM, et al. (2013) A unique population of ventral tegmental area
neurons inhibits the lateral habenula to promote reward. Neuron 80:
1039–1053.

Swanson LW (1982) The projections of the ventral tegmental area and adja-
cent regions: a combined fluorescent retrograde tracer and immunofluo-
rescence study in the rat. Brain Res Bull 9:321–353.

Szonyi A, et al. (2019) Median raphe controls acquisition of negative experi-
ence in the mouse. Science 366:eaay8746.

Taylor SR, Badurek S, Dileone RJ, Nashmi R, Minichiello L, Picciotto MR
(2014) GABAergic and glutamatergic efferents of the mouse ventral teg-
mental area. J Comp Neurol 522:3308–3334.

Tian J, Uchida N (2015) Habenula lesions reveal that multiple mechanisms
underlie dopamine prediction errors. Neuron 87:1304–1316.

Valentinova K, et al. (2019) Morphine withdrawal recruits lateral habenula
cytokine signaling to reduce synaptic excitation and sociability. Nat
Neurosci 22:1053–1056.

Van Bockstaele EJ, Colago EE, Cheng P, Moriwaki A, Uhl GR, Pickel VM
(1996) Ultrastructural evidence for prominent distribution of the
mu-opioid receptor at extrasynaptic sites on noradrenergic dendrites in
the rat nucleus locus coeruleus. J Neurosci 16:5037–5048.

Vertes RP, Fortin WJ, Crane AM (1999) Projections of the median raphe
nucleus in the rat. J Comp Neurol 407:555–582.

Wallace ML, Huang KW, Hochbaum D, Hyun M, Radeljic G, Sabatini BL
(2020) Anatomical and single-cell transcriptional profiling of the murine
habenular complex. Elife 9:e51271.

Wang D, et al. (2019) Genetic behavioral screen identifies an orphan anti-
opioid system. Science 365:1267–1273.

Wang Y, et al. (2025) A medial habenula neural circuit controlling anxiety-
like behaviors in response to acute stress. Mol Psychiatry 30:5245–5254.

Warlow SM, Dowlat DS, Hollon NG, Faget L, Oriol L, Zell V, Zweifel LS,
Hnasko TS (2025) GABA-glutamate corelease is a mechanism for state-
dependent neurotransmission. bioRxiv.

8 • J. Neurosci., November 11, 2026 • 46(45):e1193262026 Darcq et al. • Mu-Opioid Receptor in Habenula Circuits



Waung MW, Maanum KA, Cirino TJ, Driscoll JR, O’Brien C, Bryant S,
Mansourian KA,MoralesM, Barker DJ, Margolis EB (2022) A diencepha-
lic circuit in rats for opioid analgesia but not positive reinforcement. Nat
Commun 13:764.

Welsch L, Bailly J, Darcq E, Kieffer BL (2020) The negative affect of protracted
opioid abstinence: progress and perspectives from rodent models. Biol
Psychiatry 87:54–63.

Wills L, Ables JL, Braunscheidel KM, Caligiuri SPB, Elayouby KS, Fillinger C,
Ishikawa M, Moen JK, Kenny PJ (2022) Neurobiological mechanisms of
nicotine reward and aversion. Pharmacol Rev 74:271–310.

Xu J, et al. (2022) Intersectional mapping of multi-transmitter neurons and
other cell types in the brain. Cell Rep 40:111036.

Yalcinbas EA, et al. (2025) Transcriptomic analysis of the human habenula in
schizophrenia. Am J Psychiatry 182:991–1006.

Yang Y, Cui Y, Sang K, Dong Y, Ni Z, Ma S, Hu H (2018a) Ketamine blocks
bursting in the lateral habenula to rapidly relieve depression. Nature 554:
317–322.

Yang Y, Wang H, Hu J, Hu H (2018b) Lateral habenula in the pathophysiol-
ogy of depression. Curr Opin Neurobiol 48:90–96.

Yoo H, Yang SH, Kim JY, Yang E, Park HS, Lee SJ, Rhyu IJ, Turecki G,
Lee HW, Kim H (2021) Down-regulation of habenular calcium-
dependent secretion activator 2 induces despair-like behavior. Sci
Rep 11:3700.

Yoo JH, Zell V, Gutierrez-Reed N,Wu J, Ressler R, Shenasa MA, Johnson AB,
Fife KH, Faget L, Hnasko TS (2016) Ventral tegmental area glutamate
neurons co-release GABA and promote positive reinforcement. Nat
Commun 7:13697.

Zahm DS, Root DH (2017) Review of the cytology and connections of the lat-
eral habenula, an avatar of adaptive behaving. Pharmacol Biochem Behav
162:3–21.

Zhang J, et al. (2016) Presynaptic excitation via GABAB receptors in habenula
cholinergic neurons regulates fear memory expression. Cell 166:716–728.

Zhou W, et al. (2019) A neural circuit for comorbid depressive symptoms in
chronic pain. Nat Neurosci 22:1649–1658.

Darcq et al. • Mu-Opioid Receptor in Habenula Circuits J. Neurosci., November 11, 2026 • 46(45):e1193262026 • 9


	 Introduction
	 Medial Habenula: Anatomy and Neurochemistry
	 Lateral Habenula: Anatomy and Neurochemistry
	 Habenula Cell Types
	 Mu-Opioid Receptor Expression and Signaling in Habenula Circuits
	 Habenula in Pain, Opioid Seeking, and Dependence
	 Parallels to Nicotine and Other Abused Substances
	 Orphan GPCRs as Therapeutic Targets
	 Concluding Remarks
	 References

