
Article https://doi.org/10.1038/s41467-025-62133-x

Homeostatic scaling of dynorphin signaling
by a non-canonical opioid receptor

Xiaona Li1, Nathan D. Winters1, Shubhi Pandey1, Colten Lankford1,
Hannah M. Stoveken1, Emery Smith 2, Chu-Ting Chang1,3, Stefano Zucca1,
Louis Scampavia2, Timothy Spicer 2 & Kirill A. Martemyanov 1,3

The endogenous opioid system provides powerful control over emotions,
nociception, and motivation among many other fundamental nervous system
functions. Its major components include a panel of opioid peptides that acti-
vate four canonical inhibitory opioid receptors. However, its regulatory prin-
ciples are not fully understood including the existence of additional receptors
and other elements. In this study we report the identification of a receptor for
the opioid peptide dynorphin. By conducting a screen of a custom library of
neuropeptides, we found that orphan receptor GPR139 binds to and is acti-
vatedby a series of dynorphin peptides. Unlike other opioid receptors, GPR139
couples to Gq/11 and avoids β-arrestin, providing excitatory signaling that
homeostatically scales the inhibitory response of neurons to dynorphin. This
introduces a non-canonical dynorphin receptor as an essential component of
the opioid system.

The endogenous opioid system plays a critical role in many vital neu-
ronal processes, including nociception1,2, reward3, and mood
regulation4,5. Classical opioid receptors, the μ-opioid receptor (MOR),
κ-opioid receptor (KOR), and δ-opioid receptor (DOR), share sig-
nificant homology and belong to the family of G protein coupled
receptors (GPCRs)6–8. Multiple endogenous opioid peptides derived
from three precursors: proenkephalin (PENK), prodynorphin (PDYN),
and proopiomelanocortin (POMC), overlap in activating these recep-
tors with varying preferences9,10. In addition, the nociceptin/orphanin
FQ receptor is considered to be a more distant member of the opioid
family with a dedicated ligand and significant crosstalk with other
opioid receptors9,11. All classical opioid receptors invariably signal via
Gi/o type of G proteins to inhibit neuronal activity and are blocked by
the common antagonist naloxone6,12.

A wealth of evidence also points to non-opioid actions of opioid
peptides defined as naloxone-insensitive behavioral reactions and
effects on neuronal signaling13–15. Furthermore, biochemical and
pharmacological studies consistently identify binding and activity of
opioid peptides in the neuronal tissues that can’t be explained by their
interactions with canonical opioid receptors16,17. Together, these

observations strongly suggest the existenceof additional receptors for
the opioid peptides.

Unbiased genetic screening previously identified evolutionary
conserved orphan receptor GPR139 to engage in controlling opioid
signaling18. It was shown to uniquely couple to stimulatory Gq/11 pro-
teins, restraining opioid-mediated inhibition of neuronal firing, analge-
sia, and reward19. However, its endogenous ligand remains unknown.

In this study, we report that opioid peptides derived from pro-
dynorphin serve as endogenous ligands for GPR139. They bind to
GPR139 with high affinity in a naloxone insensitive manner and trigger
its Gq-mediated effects in neurons. The unique potency range of
GPR139-mediated dynorphin signaling allows it to constrain excessive
signaling via canonical opioid receptors. These findings establish
GPR139 as bonafide non-canonical opioid receptor and an essential
component of the endogenous opioid system.

Results
Identification of endogenous peptide ligands for GPR139
GPR139 exhibits the characteristic features of the peptide family of
GPCRs with which it shares significant homology20,21. Given that
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GPR139 is expressed exclusively in the nervous system22–24, we
hypothesized that it could be ligandedby a neuropeptide. To test this
hypothesis, we screened a collection of ~100 neuropeptides. Given
that Gq/11 coupling of GPR139 triggers the release of intracellular
calcium19, we used a high-throughput Calcium 5 assay to detect
responses (Fig. 1a, b). The screen was performed with HEK293 cells
transiently transfected with GPR139 and control untransfected cells
in parallel and the responses were normalized to those elicited by the
synthetic GPR139 agonist JNJ-6353305423. Comparing responses
from GPR139-expressing cells to control cells revealed 36 hits that
produced higher responses in the presence of GPR139. Fluorescence-
based high-throughput screens rely on single replicates conducted in
a miniaturized environment and are thus prone to false positives.
Therefore, we used an orthogonal approach based on the genetically
encoded calciumbiosensor CalFluxVTN to validate initial hits (Fig. 1a,
c). Because many of the hits from the primary screen contained
opioid peptides, we expanded the secondary screen to exhaustively
include all peptides derived from precursors of classical opioid
peptides aswell as collectionof relatedRF amide peptides25,26 (Fig. 1c,
Supplementary Fig. 1a–c). Comparing the responses to control cells
not expressing GPR139, across 3 independent experiments, we
detected significant signals for 8 peptides derived from (PDYN)
(Fig. 1c) and two POMC-derived peptides, a-MSH and ACTH (Sup-
plementary Fig. 1b), noted before27. The responses showed char-
acteristic kinetics of Ca2+ waveform (Fig. 1d) and were blocked by
GPR139 selective synthetic antagonist JNJ-379216528,29 (Supplemen-
tary Fig. 1d), confirming the specificity of GPR139 engagement. Dose
response studies showed that dynorphin A peptides were the most
efficacious, exhibiting ~70% efficacy relative to reference agonist JNJ-
63533054 and had potency in the micromolar range (Fig. 1e, Sup-
plementary Table 1). Analysis of the sequence features revealed that
these peptides had characteristic opioid consensus sequence
“YGGFL” (Fig. 1f). Interestingly, the N-terminal tyrosine strictly
required for activity on classical opioid receptors30,31 was not
required for activating GPR139, although it enhanced GPR139 acti-
vation. Increasing the length of the peptide also mildly increased the
potency of the peptides and so did the amidation of the C terminus
(Fig. 1e, f; Supplementary Table 1). Together, these findings reveal
that GPR139 is activated by a set of peptide ligands: endogenous
PDYN-derived peptides.

Dynorphin peptides bind directly and specifically to GPR139
with high affinity
To investigate interaction of PDYN-derived peptides with GPR139, we
used a series of orthogonal assays. First, we used a radioligand binding
assay (Fig. 2a), a gold standard for determining binding affinity of
ligands. In this assay, membranes prepared from the HEK293 cells
expressing GPR139 were first incubated with the radioactively labeled
[3H]-JNJ-63533054 reference ligand. Titration experiments established
specific ligand binding with a Kd of ~20 nM (Supplementary Fig. 2a),
consistent with previous reports23. The membranes were then incu-
bated with unlabeled ligands and their ability to displace [3H]-JNJ-
63533054 was determined. Indeed, both unlabeled reference ligand
JNJ-63533054 and all PDYN-derived peptides tested were able to
compete with [3H]-JNJ-63533054 binding to the same extent (Fig. 2b).
We next conducted dose-response studies comparing displacing
ability of different PDYN peptides. These studies revealed the highest
affinity was for Dyn A peptides with Ki in the 12-85 nM range, similar to
the ~66 nM Ki of JNJ-63533054 in the same assay (Fig. 2c, Supplemen-
tary Fig. 2b, c and Supplementary Table 1). For a reference, we also
evaluated POMC-derived active peptides α-MSH and ACTH, as well as
inactive Leu-enkephalin as a negative control. These studies revealed
no competition from Leu-enkephalin and only modest binding of α-
MSH and ACTH with no saturation to discern Ki values (Supplemen-
tary Fig. 2b).

We next used intact cells to confirm that GPR139 on a cell surface
can directly bind PDYN-derived peptides using the most potent pep-
tides, Dyn A13 and Dyn A17 (Fig. 2c). First, we found that like in the
membrane preparation DynA17 was able to displace [3H]-JNJ-63533054
as effectively as reference ligand JNJ-63533054 (Supplementary Fig. 2d,
e). Next, we labeled Dyn A13 with fluorescein isothiocyanate (FITC)
fluorophore and studied its direct interaction with GPR139 on the
surface of intact cells using flow cytometry (Fig. 2d; Supplementary
Fig. 2f). This approach showed that cells expressing GPR139 were
labeledwithDynA13-FITC (Fig. 2e, f). This bindingwas reduced by both
GPR139 agonist JNJ-63533054 and antagonist JNJ-3792165, further
confirming the specificity (Supplementary Fig. 2g, h). These observa-
tions indicate that dynorphin peptides interact with GPR139 on the
surface of intact cells.

Finally, we examined Dyn A17 binding to GPR139 in the brain tis-
sues. We found that binding of [3H]-JNJ-63533054 to the brain mem-
branes was effectively reduced by preincubation with Dyn A17 or
unlabeled JNJ-63533054 (Fig. 2g), suggesting that they share similar
binding sites. To better understand the contribution of GPR139 to
DynA17 binding, we used brain membranes from GPR139 knockout
mice (Gpr139 KO). Titration studies revealed that it took ~4 timesmore
Dyn A17 to displace [3H]-JNJ-63533054 in brain membranes from
Gpr139 KO as compared to wild-type membranes, supporting the
major contribution of GPR139 to Dyn A17 binding in native tissues
(Fig. 2h, i). Interestingly, [3H]-JNJ-63533054 bindingwasnot completely
abolished in Gpr139 KO, suggesting that this ligand may also interact
with other receptors. Given the overlap in pharmacology of GPR139
with opioid receptors, we testedwhether such a target could be opioid
receptors. Indeed, we found that JNJ-63533054 could activate KOR
with low potency (Supplementary Fig. 3a, b) but not MOR, DOR, or
NOR, suggesting that lingering [3H]-JNJ-63533054binding inGpr139 KO
may be contributed to by KOR. Collectively, ligand binding experi-
ments strongly support direct binding of PDYN-derived peptides to
GPR139.

Dynorphin peptides promote G protein activation but not β-
arrestin recruitment by GPR139
To understand GPR139 signal transduction induced by dynorphin, we
first examined its ability to activate heterotrimeric G proteins.We used
a BRET-based GPCR fingerprinting assay that examines activation of
unmodified Gα subunits in real time by monitoring the kinetics of Gβγ
release (Fig. 3a).With this assay, we examined the activity ofGPR139on
an exhaustive set of 15 Gαproteins using a representative potent PDYN
peptide: Dyn A13 applied at a saturating concentration. Analysis of
response amplitudes and activation kinetics revealed a characteristic
profile of G protein activation (Fig. 3b, c). GPR139 activated proteins of
Gi/o and Gq/11 classes with varying kinetics and efficacy (Supplemen-
tary Fig. 4a–c), but not Gs (Supplementary Fig. 4d) or G12/13 types of
proteins (Supplementary Fig. 4e).

Next, we conducted concentration-response studies comparing
peptide-stimulated activities of GPR139 on representative members of
two major Gα classes activated by GPR139: GαoA and Gα11(Fig. 3d–i).
These studies revealed similar potencies of G protein activation for
dynorphin peptides, which were comparable to potencies recorded in
the Ca2+ release assays. Interestingly, α-MSH and ACTH did not show
any significant coupling activity with either GαoA or Gα11 (Supple-
mentary Fig. 4f, g) in line with their generally weak activity on GPR139.
Neither did we observe G protein activation in response to L-Enk, a
negative control (Supplementary Fig. 4f, g). Interestingly, we found
that naloxone, which antagonizes all canonical opioid receptors, did
not block G protein activation by GPR139 (Supplementary Fig. 4h).

In addition to G proteins, GPCRs recruit β-arrestins which could
mediate both their signaling and trafficking32–34. Therefore, we next
investigated the ability of dynorphin peptides to recruit β-arrestin 1
and β-arrestin 2 to GPR139 using a split NLuc complementation assay
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(Fig. 3j). We employed the same strategy for studying β-arrestin
recruitment to MOR35, which served as a positive control for this assay
(Supplementary Fig. 5a, b). We detected a significant basal association
of both β-arrestins with GPR139 (Fig. 3k; Supplementary Fig. 5c),
consistent with our earlier findings that GPR139 can promote hetero-
logous recruitment of β-arrestin to MOR18. However, application of
either Dyn A13 or Dyn A17 resulted in no detectable increase in β-
arrestin 1 or β-arrestin 2 recruitment to GPR139 (Fig. 3l, m). Because
GPCRs can bind either N- or C-termini of β-arrestins36,37, we also tested
an alternative configuration placing the LgBit sensor at the C terminus
of themolecule (Supplementary Fig. 5d). This configuration resulted in
lower signal at the baseline (Supplementary Fig. 5e). However, it

similarly resulted in a lack of β-arrestin recruitment upon ligand sti-
mulation (Supplementary Fig. 5f, g). We also did not observe recruit-
ment of β-arrestins in response to application of JNJ-63533054 with
either β-arrestin1 or β-arrestin2 in either sensor configuration (Sup-
plementary Fig. 5h). These observations were confirmed by monitor-
ing real time recruitment of β-arrestins to the plasmamembrane upon
receptor activation. We found no significant changes in localization of
either β-arrestin 1-Venus (Supplementary Fig. 6a) or β-arrestin 2-Venus
(Supplementary Fig. 6b), which remained cytoplasmic upon activation
of SNAP-GPR139 on the plasma membrane by Dyn A13. In contrast,
positive control experiments with SNAP-MOR showed robust translo-
cation ofβ-arrestin 2-Venus to the plasmamembrane upon stimulation
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with DAMGO (Supplementary Fig. 6c). Overall, these results indicate
that dynorphins induce GPR139 coupling to multiple G proteins but
not β-arrestins.

Dynorphin induces GPR139 internalization in a β-arrestin
independent manner
One of the hallmarks of GPCR activation by ligands is their internaliza-
tion, which physically removes the receptor from the surface of the cell
and routes it to intracellular compartments for continued signaling from
these locations and/or subsequent recycling back to the plasma

membrane33,38,39. Therefore, we next investigated whether dynorphin
could induce GPR139 internalization. Upon transfection into HEK293
cells, GPR139was foundmostly localized on the plasmamembrane, with
some present at the intracellular sites (Fig. 4a). Application of Dyn A13
induced clear internalization of GPR139 as evidenced by its accumula-
tion mostly at intracellular locations and reduced presence on the
plasma membrane (Fig. 4a). Indeed, quantification showed significant
reduction in GPR139 co-localization with KRas-GFP (Fig. 4b, c).

Robust internalization of GPR139 amidst undetectable recruit-
ment of β-arrestin, a key driver of internalization for many GPCRs39,40,
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poses a question about the involvement of β-arrestins in dynorphin-
induced GPR139 internalization. We used a nanoluciferase com-
plementation strategy (Fig. 4d) to examine internalization dynamics
and probe the influenceofβ-arrestins.We found that knockout of both
β-arrestin1 and β-arrestin 2 had no effect on the cell surface abundance
ofGPR139 at thebaseline (Fig. 4e). In normal cells,DynA13 andDynA17
induced time-dependent loss of luminescence occurring with similar

kinetics (Fig. 4f), indicating internalization of GPR139 and corrobor-
ating microscopy data. Concentration-response studies indicated
variable potencies of dynorphin peptides in the range of concentra-
tions that induceG protein activationwith Dyn A17 showing somewhat
greater potency (Fig. 4g, h). We found that in cells lacking both β-
arrestin isoforms, both peptides reached a similar extent and kinetics
of internalization (Fig. 4I, k). Control experiments confirmed
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previously noted41 loss of DAMGO-induced internalization of MOR in
the same double β-arrestin 1/β-arrestin 2 knockout cell line (Supple-
mentary Fig. 7). To examine internalizationmechanisms of GPR139, we
blocked several processes known to be involved in GPCR
endocytosis38. Indeed, dynamin blocker Dyngo-4a42 and clathrin
blocker PitStop 243 significantly inhibited Dyn A13-mediated inter-
nalization (Fig. 4l,m). In contrast, blockade of caveolin bymethyl-beta-
cyclodextrin (MβCD)44 had no effect onGPR139 internalization (Fig. 4l,
m). Together, these results indicate that dynorphin peptides are cap-
able of inducing GPR139 internalization in a manner typical to GPCR
agonists. This process relies on dynamin and clathrin but occurs in a β-
arrestin independent manner.

Co-activation of GPR139 with dynorphin reduces the signaling
strength of the canonical opioid receptor MOR
To understand the physiological significance of GPR139 activation by
dynorphin peptides that also activate all canonical opioid receptors,
wemodeled receptor interplay in transfected cells. In these studies, we
used a genetically encoded sensor to measure the impact of receptor
activationoncAMP (Fig. 5a), oneof the central secondmessengers that
crucially shapes cell responses. Interestingly, cAMP is differentially
regulated by canonical opioid receptors, which inhibit it by virtue of
coupling to Gαi/o G proteins and GPR139, which stimulates cAMP
production via Gαq-Ca2+ dependent mechanism19. Since GPR139 has
been established as a MOR regulator in an endogenous neuronal set-
ting in vivo18 and becauseMOR is potently activated by dynorphins45,46,
we choseMOR as amodel receptor to study the interplay with GPR139.

In the absence of GPR139 co-activation, application of the MOR-
selective agonist DAMGO resulted in a typical dose-dependent inhi-
bition of cAMP production (Fig. 5b). GPR139 did not respond to
DAMGO, and its co-expression with MOR at equivalent cDNA con-
centrations also did not inhibit MOR responses (Fig. 5b, d, e). Next, we
activated GPR139 by pre-incubating the cells with its agonist JNJ-
63533054 and repeated experiments examining MOR-mediated sup-
pression of cAMP production in response to DAMGO application.
While cells expressing MOR alone showed the same response to
DAMGO, such response was completely abolished in cells co-
expressing MOR and GPR139 (Fig. 5c–e). These experiments confirm
that GPR139 exerts a powerful inhibitory influence on MOR-mediated
responses in a model system when both receptors are activated by
their individual surrogate agonists.

Having established the inhibitory interplay, we next studied the
responses of MOR-GPR139 paired system to a common agonist- Dyn
A13. For MOR, application of Dyn A13 resulted in a typical dose-
dependent inhibition of cAMP production (Fig. 5f). We found that in
the presence of GPR139, Dyn A13 inhibition of cAMPmediated byMOR
was severely depressed as evidenced byboth reduction in themaximal
amplitude of the response and nearly ten-fold decrease in potency as
compared to responses of the cells expressing MOR alone (Fig. 5g, h).

In addition to signaling interplay at downstream second mes-
senger pathways, receptor internalization is a powerful mechanism to
control signal strength. Given the high constitutive level of GPR139
association with β-arrestin that drives MOR internalization and pre-
vious findings that GPR139 facilitates β-arrestin recruitment to MOR18,

we explored the impact of GPR139 on MOR internalization (Fig. 5i).
When only MOR was activated by its selective agonist DAMGO, the
presence of GPR139 had no influence on the extent or rate of MOR
internalization (Fig. 5j, l, m). However, when MOR was co-activated
with GPR139 by a common agonist DynA13 both the rate and extent of
MOR internalization significantly increased (Fig. 5k, n, o). Although the
degree of this effect was relatively small, it could contribute to redu-
cing MOR content on the surface and thus possibly its signaling
capacity over time. Collectively, these results indicate that GPR139
serves to counter-balance signals initiatedbyMORwhen two receptors
are activated by the common peptide ligand-dynorphin, thereby
allowing GPR139 to provide homeostatic control over the strength of
the opioid response.

GPR139 signals in medial habenula neurons to temper
dynorphin-induced modulation of firing
To understand the physiological relevance of GPR139 activation, we
examined its contribution to dynorphin responses in the mouse brain.
We started our studies in medial habenula (MHb), a region with par-
ticularly high expression of GPR13922, where it is co-expressed with
MOR18. Using brain slice preparation, we examined Ca2+ responses in
MHb neurons transduced with a well-established calcium sensor,
jGCaMP7s47 (Fig. 6a).UnlikeGPR139, canonical opioid receptors donot
couple toGq types of G proteins and are thus not expected to generate
Ca2+ responses. Indeed, application of Dyn A17 resulted in a readily
detectable characteristic Ca2+ transient that reached its peak in ~30 s
before slowly decaying (Fig. 6b). Importantly, the response was com-
pletely blocked by selective GPR139 antagonist JNJ-3792165 (Fig. 6b, c).
To further confirm that the response is generated by GPR139 we
recorded fromMHbneurons in slices fromGpr139 KOmice (Fig. 6b, c).
We detected no responses in Gpr139 KO slices, indicating that Dyn
A17 selectively engages GPR139 to produce Ca2+ signal.

Because the Gαq/11-Ca2+ signal generated by GPR139 counter-
acts Gαi/o-mediated responses initiated by canonical opioid recep-
tors including MOR, which was observed in transfected HEK cells, we
hypothesized that simultaneous engagement of GPR139 and MOR by
dynorphin in MHb neurons would dampen MOR inhibitory signaling,
and that genetic deletion of GPR139 should result in amplified
dynorphin-mediated inhibition due to the loss of GPR139 constraint
over MOR. To test this, we used patch clamp electrophysiology in
acute MHb brain slices performing cell-attached recordings of MHb
tonic neuronal firing (Fig. 6d). We detected significant reduction in
the baseline firing rates in Gpr139 KO neurons (Supplementary
Fig. 8a), suggesting that GPR139 constitutive activity contributes to
constraining tonic opioidergic inhibition of MHb neurons, consistent
with earlier findings18. Next, we bath applied Dyn A17 and detected a
robust reduction in the tonic firing frequency of MHb neurons
(Fig. 6e). Importantly, the inhibitory effect of Dyn A17 (Fig. 6e, f) was
significantly greater in neurons from slices from Gpr139 KO mice
relative to slices from WT mice (Fig. 6e, f). The effect of Dyn A17 on
neuronal firing was blocked by naloxone (Supplementary Fig. 8b, c),
indicating that it is mediated by canonical opioid receptors other
than KOR as the KOR-specific agonist U-50488 failed to elicit changes
in firing (Supplementary Fig. 8d, e). Indeed, MHb neurons are highly

Fig. 4 | Dynorphin peptides induce β-arrestin independent internalization of
GPR139. a Co-expression of KRas-Venus and HA-GPR139 in HEK293T/17 cells. The
cells were treated with 40μM Dyn A13 for 5min. b HA-GPR139 fluorescence
intensity distribution across the line in (a). c Mander’s colocalization coefficient
(MOC) analyzed from 11 images (25 cells for control group and 28 cells for Dyn A13
group). d Schematic of luminescence assay for examining cell surface abundance
and internalization of GPR139. e Cell surface abundance of GPR139 in HEK293T/17
and β-arrestin1/2 KO cells. Time course of Dyn A13 and Dyn A17 initiated HiBit-
GPR139 internalization in HEK293T/17 (f) and in β-arrestin1/2 KO cells (i).

Quantification of the internalization of GPR139 in HEK293T/17 (g) and in β-
arrestin1/2 KO cells (j). The maximum internalization of GPR139 in HEK293T/17 (h)
and β-arrestin1/2 KO cells (k) across different concentrations of Dyn A13 and Dyn
A17. l The effect of 40μM Dyngo-4a, 10μM PitStop 2 and 4mMMβCD applied
15min before the assay on the time course of Hibit-GPR139 internalization induced
by 40μMDyn A13 in HEK293T/17 cells.m Themaximum internalization of GPR139
in HEK293T/17 cells under different treatments. Data are mean± SEM of n = 3
independent experiments. Datawere analyzedby unpaired two-tailed t-test (c, e) or
one-way ANOVA with Dunnett’s test (g, j,m). ** p < 0.01, *** p < 0.001, n.s. p > 0.05.
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Article https://doi.org/10.1038/s41467-025-62133-x

Nature Communications |         (2025) 16:6786 8

www.nature.com/naturecommunications


enriched with MOR and lack detectable KOR expression48,49. These
data demonstrate that GPR139 significantly contributes to shaping
MHb neuronal activity by several mechanisms that include signaling
in response to dynorphin as well as changes in the basal activity,
among other possibilities.

To better assess the physiological relevance of dynorphin action
on GPR139 in intact circuits, we adopted an optogenetic approach to
trigger dynorphin release. In these studies, we focused on the nucleus
accumbens (NAc), another area of the brain with significant GPR139
expression also noted for the highest density of dynorphin release50–52.
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Interestingly, previous studies have shown high expression of GPR139
in the dynorphinergic neurons of the NAc53,54, suggesting possible
autocrine action of dynorphin upon its release. To trigger dynorphin
release, we selectively excited dynorphinergic neurons in the NAc by
optogenetic stimulation of a ChrimsonR driver virally expressed in
neurons of Pdyn-Cre mice (Fig. 6g). To validate the release of dynor-
phin, we used recently developed dynorphin sensor κLight1.352. We
found that our optogenetic protocol reliably produced the signal with
similar characteristics upon repeated stimulations, indicating that our
protocol evokes dynorphin release in the NAc (Supplementary Fig. 9).
We then virally expressed the jGCaMP7s sensor that reports Gq/
11 signaling of GPR139 in the same NAc region. Optogenetic stimula-
tion produced significant fluorescence increases that reached peak
after about 200 s in Pdyn+ neurons (Fig. 6h), matching the kinetics of
dynorphin release recorded by the κLight1.3 sensor. In contrast, we
detected no significant responses in Pdyn− neurons. Importantly,
notable jGCaMP7s response was also detected with repeated stimula-
tion, but it was completely abolished upon application of GPR139
antagonist JNJ-3792165 (Fig. 6h, i), indicating that it is mediated by
GPR139. These experiments support that dynorphin release upon
neuronal excitation is capable of activating GPR139 in endogenous
circuits.

Discussion
In this study, we report the identification of an endogenous ligand for
the orphan receptor GPR139. Orphan GPCRs have attracted consider-
able attention for their promise in uncovering previously unrecog-
nized biology and untapped potential as drug targets. GPR139 has
been a subject of intense interest for its involvement in neu-
ropsychiatric processes55 and noted roles in controlling opioidergic
and dopaminergic neuromodulation in key neural circuits18,53,56. In
particular, it has been shown to negatively regulate MOR signaling,
serving as an “anti-opioid” receptor18,19. Thus, unbiased identification
of the opioid peptide dynorphin as a ligand forGPR139 retrospectively
makes logical sense and supports its role as an essential component of
the opioid system.

We propose that GPR139 be considered a non-canonical member
of the opioid receptor family. Importantly, it endows the system with
an additional signalingmodality. All canonical opioid receptors couple
to Gi/o type of G proteins and exert net inhibitory effect on neuronal
activity. In contrast, by virtue of Gq/11 coupling GPR139 mobilizes
excitatory Ca2+ signaling pathway. This establishes a pivotal interplay
between GPR139 and canonical opioid receptors as concurrent acti-
vation of GPR139 by a shared ligand acts to diminish the inhibitory
influence of canonical opioid receptors. Despite the high binding
affinity of dynorphin to GPR139, it exhibits modest signaling potency.
Such dissociation is not uncommon in GPCRs and in previously
documented cases45,57,58 is thought to drive differential engagement of
transducers, e.g., G proteins vs β-arrestin, a phenomenon known as
ligand bias. In these cases, the low intrinsic efficacy of an agonist,
perhaps due to conformational flexibility of its orthosteric site in the
receptor, could be overcome by higher ligand concentrations to shift
the equilibrium towards the activated receptor state. GPR139's low
functional potency may be a feature that exploits the conformational
bias of the receptor to deliberately set up the range of GPR139
engagement by dynorphin outside of canonical opioid receptors. It is
estimated that the concentration of opioid peptides, including
dynorphin, at the sites of release could reach tens ofmicromolarwhich
would clearly influence GPR139 activity59–63. Our results showed that
calcium signal evoked by optogenetic stimulation of dynorphin
expressing neurons is mediated by GPR139. However, these experi-
ments do not directly establish that the responses are solely driven by
dynorphin leaving a possibility that they may be influenced by other
mediators co-released with dynorphin upon stimulation.

We therefore propose a model where a physiological function of
GPR139 would be to homeostatically scale the strength of opioid
mediated inhibition (Fig. 7). At a low level of dynorphin release, it will
primarily trigger canonical opioid receptors, first KOR and then MOR
and DOR to inhibit neuronal activity. As the dynorphin concentration
increases further, it engages GPR139 gradually dampening MOR/KOR/
DOR signaling to avoid extreme silencing of neuronal activity and
maintain the operational range of the responses. Basal activity of
GPR139 likely also contributes to tonic inhibition of the canonical
opioid receptors signaling at the low concentration of dynorphin
insufficient for triggering GPR139 activity. These effects may become
exacerbated upon prolonged exposure to the dynorphin, whichwould
cause the internalization of MOR/KOR/DOR but not GPR139 further
strengthening homeostatic influence. The counteracting effect of
GPR139 on canonical opioid receptor actions likely involves multiple
mechanisms that include changes in β-arrestin recruitment and
opposing influence of Gαq on Gαi/o signaling. Based on the extent of
the effects we observed in this study, the latter mechanism likely
dominates the influence, consistent with previous observations19. As
proof of principle, our studies focused on MOR given the physiologi-
cally established significance of GPR139-MOR interplay and their close
overlap in expression. However, GPR139 may similarly cross-talk with
KOR and DOR and exploring this avenue will be an exciting future
direction.

Previous studies showed that PDYN-derived peptides can mod-
ulate several non-opioid targets, including the acid-sensing ion chan-
nels (ASICs)64, nicotinic acetylcholine receptor65, N-methyl-d-aspartate
(NMDA) receptors63, and bradykinin receptor66. For example, Dyn
big67,68 antagonizes ASIC decreasing the proton-sensitivity of its steady
state desensitization while activation of bradykinin receptor by Dyn A
peptides exacerbates pain, an effect opposite from canonical actions
of opioid peptides66. Our studies introduce GPR139 as another intri-
guing target of dynorphin peptides, broadening our understanding of
their biological effects.

GPR139 is an evolutionary ancient receptor, which, unlike cano-
nical opioid receptors, is widely conserved and present even in
invertebrates69. It was likely co-opted to influence opioid system when
it appeared, but its interaction with dynorphin and related peptides
possibly predated the emergence of the canonical opioid receptors.
Fromthis perspective, it is interesting tonote thepossibility of broader
ligand tuning of GPR139. This receptor has also been noted to be
activated by the aromatic amino acids tryptophanandphenylalanine23,
which we did not explore in this study, and peptides derived from the
same precursor as opioid peptides, such as adrenocorticotropic hor-
mone (ACTH), and α- and β-melanocyte-stimulating hormone (MSH),
which we found to have extremely low potency and binding affinity to
GPR139. Thus, GPR139 engagement by opioid peptides and possibly
other ligands serves to provide homeostatic scaling of opioid
responses, calibrating their strength for the operational tuning of
neural circuits.

Methods
Reagents and constructs
Lipofectamine LTX was from Invitrogen. Dulbecco Modified Eagle
Medium (DMEM),MEMnon-essential amino acids (NEAA), and sodium
pyruvate were from Life Technologies (Grand Island, NY). Fetal bovine
serum (FBS) was purchased from Millipore-Sigma (Burlington, MA).
NanoGlo® reagent and NanoGlo® HiBiT Extracellular Detection System
was purchased fromPromega (Madison,WI). Peptides were purchased
from Phoenix Pharmaceuticals (Burlingame, CA) and synthesized by
Genscript (Piscataway, New Jersey). [3H]-JNJ-63533054 was purchased
from Moravek (Brea, CA). The GPR139 cDNA used for all experiments
(HASP-HA-GPR139) contained an N-terminal HA signal peptide (HASP),
followed by an HA tag and human GPR139 (NM_001002911.4)19.
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Animal studies
All studies involving mice were carried out in accordance with the
National Institutes of Health guidelines and were granted formal
approval by the Institutional Animal Care and Use Committee of the
Herbert Wertheim UF Scripps Institute for Biomedical Innovation &
Technology, University of Florida. Wild-type (WT) C57Bl6 mice were
purchased from Charles River. Generation and characterization of
GPR139 knockout mice (Gpr139 KO) on C57Bl6 background was
reported before18. Pdyn-Cre mice (B6;129S-Pdyntm1.1(cre)Mjkr/LowlJ)
were purchased from the Jackson Laboratory. All mice were housed in
groups on a 12:12 h light-dark cycle with food and water available ad
libitum.

Cell culture and transfection
β-arrestin1/2 knockout cell70 was kindly provided by Dr. Asuka Inoue.
HEK239T/17 cells (ATCC, VA) and β-arrestin1/2 knockout cells were
maintained in culture medium (DMEM supplemented with 10% FBS,
NEAA, 1mM sodium pyruvate and antibiotics (100 units/ml penicillin
and 100μg/ml streptomycin)) at 37 °C in a humidified incubator con-
taining 5% CO2. Transfections were performed as described71. Briefly,
cells were seeded into 60-mm dishes (coated with 1μg/ml Matrigel
(Corning)) at a density of 3.2 × 106 cells. After 3–4 h, expression con-
structs (total 10μg/dish) were transfected into the cells using PLUS
reagent (10μl/dish) and Lipofectamine LTX (12μl/dish) reagents. All
transfected DNAs were balanced to 10μg using pcDNA3.1 and the
transfection mixture was added dropwise according to the manu-
facturer’s instructions. Cellswere incubated for 16–24 h at 37 °C before
experiments.

Calcium 5 assay
HEK293T/17 cells were transfected with 25 μg pCDNA3.1-HASP-
HA-GPR139/ml at 1 × 108 cells using Maxcyte electroporation

system (Rockville, MD). After transfected, cells were incubated
overnight at 37 °C, 5% CO2 before freezing down cells. On the day
for experiment, thawed cells, resuspended in assay buffer (HBSS,
20mM HEPES, 1% DMSO), and seed 3 μl/well (3000/well) in 1536
black wall clear bottom plate. Calcium dye (Molecular Device)
working solution was made in assay buffer and dispensed 3 μl/
well, then incubation 60min at 37 °C. Fluorescence recording
were done with FLIPR-Tetra (Molecular Devices). Basically, 5 s
basal readings were done before adding 30 nL compounds fol-
lowed by 2min fluorescence reading.

CalFluxVTN BRET assay
HEK293T/17 cells were transfected with 0.42 μg pCDNA3.1-HASP-HA-
GPR139 and 0.42 μg pCDNA3.1-CalFluxVTN. The CalFluxVTN sensor
was described before72. The assay was performed as described73.
About 16 h post-transfection, cells were washed oncewith Dulbecco’s
Phosphate-Buffered Saline (PBS) and treated with 1mM EDTA/PBS
until cells were detached from dishes. Approximately 80,000 cells
per well were distributed in Matrigel pre-coated 96-well flat-
bottomed white microplates (Greiner Bio-One) and cultured for
~3 h in CO2 incubator. Before BRET measurements were made, the
medium was replaced with HBSS (CaCl2, MgCl2) (Gibco). The signal
reading was performed using the PHERAstar FSX plate reader
POLARstar andOmega plate reader (BMG Labtech). Briefly, the Nano-
Glo substrate was injected at 0 s and ligands were injected at 20 s.
Signal reading started at 15 s and time interval was 0.1 s. The BRET
signal is determined by calculating the ratio of the signal emitted by
the Venus (535 nm with a 30 nm band path width) over the light
emitted by the Nluc (475 nm with a 30 nm band path width). The
average baseline BRET ratio recorded prior to agonist stimulation
was subtracted from the experimental BRET signal values to obtain
ΔBRET ratio.

dynorphin 

MOR/KOR/DORGPR139

Inhibition of neuronal activity 

Increase in activity
of Pdyn+ neurons

MOR/KOR/DORGPR139

Inhibition of neuronal activity 

Gi Gq Gi

Fig. 7 | Proposed role of GPR139 in homeostatic scaling of inhibitory effects of
dynorphin. At a low level of dynorphin release, only canonical opioid receptors
(MOR/KOR/DOR) are engaged to inhibit neuronal activity via Gi/o signaling. More
dynorphin release upon increase in the activity of dynorphinergic neurons

progressively engages GPR139, which gradually counteracts MOR/KOR/DOR
thereby avoiding excessive silencing of neuronal activity to maintain operating
range of the circuit. Created in BioRender. Martemyanov, K. (2025) https://
BioRender.com/mlzlbxs.
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Radioligand binding assay
For cell membrane radioligand binding assay, membranes were pre-
pared from GPR139 expressing HEK293T/17 cells as follows: 48 h after
transfection, cells were detached from plates by pipetting with PBS,
centrifuged at 500 × g for 5min, and then the fluid was aspirated away;
the cell pellets were frozen with liquid nitrogen and stored at −80 °C.
Pellets were homogenized in TE buffer (50mM Tris-HCl, pH 7.4, 5mM
EDTA)23 and spin down at 1000× g for 5min at 4 °C. Supernatant was
collected and recentrifuged at 30,000× g for 30min at 4 °C. The pellet
was re-homogenized in TE buffer and incubated in 5ml tubewith eight
concentrations of [3H]-JNJ-63533054 (specific activity 24.7 Ci/mmol)
ranging from 0.024 to 400 nM for 60min at room temperature (total
volume 2ml). The binding reaction was terminated by filtration
through GF/C filter (Waterman) followed by washes with cold TE buf-
fer. Filters were dried in a hood overnight followed by the addition of
scintillation fluid. Then, bound radioactivity was counted on a Hidex
600 liquid scintillation counter. For inhibition of radioligand binding
(10 nM [3H]-JNJ-63533054), peptides were added to the cell membrane
at seven concentrations. Nonspecific binding was determined with
10μM JNJ-63533054. The Kd values of the radioligands and IC50 of the
antagonist were calculated by Graphpad Prism. Ki values were calcu-
lated as Ki = IC50/(1 + C/Kd), where C is the concentration of the radi-
oligand. Whole cell radioligand binding assay used human GPR139
expressing HEK293T/17 cells. Both male and female mice 4–12 weeks
were used for the brain membrane collection. For the preparation of
brain tissue membranes, mice were anesthetized using isoflurane fol-
lowedbydecapitation; then the brainswere collected and immediately
transferred in liquid nitrogen and subjected to the same procedure
as above.

Flow cytometry binding assay
Flow cytometry binding assay was performs as described74. HEK293T/
17 cells were cultured in 6-well plates at a density of 8 × 105 cells/ per
well. After 4–6 h, cells were transfected with 2μg of GPR139-mCherry
using Metafectene Pro. After ~36 h, transfected cells were washed with
PBS and blocked using PBS-BSA (0.1%) for 1 hr at 4 °C Dynorphin
A-FITC was incubated with 1 × 106 cells in the dark, rotating for 2 h at
4 °C Agonist JNJ-63533054 and antagonist JNJ-3792165 were added 1 h
before Dynorphin A-FITC. After washing, cells were analyzed in BD
Symphony flow cytometer. Acquired data were analyzed using FlowJo
software.

G protein BRET assay
Agonist-dependent cellular measurements of BRET between Venus-
Gβ1γ2 and masGRK3ct-Nluc were performed to examine activation of
G protein signaling in living cells71. GRP139, G protein (Gi1, Gi2, Gi3,
GoA, GoB, Gz, Ga11, Gq, G14, G15, Gs short, Gs long, Golf, G12, G13),
venus-1-155 Gγ2, venus-155-239 Gβ1, masGRK3ct-Nluc-HA constructs
were used at a 2:2:1:1:1 ratio (ratio 1 = 0.42 μg of plasmid DNA). Gα14/15
and Gαolf were transfected with Flag-Ric-8A (ratio 1), respectively. A
construct carrying catalytic subunit of pertussis toxin (PTX-S1) was
transfected with Gα subunits except for Gαi and Gαo to inhibit the
possible coupling of endogenous Gi/o to GPCRs. 16–24 h post-trans-
fection, cellswere seeded into96-wellflat-bottomedwhitemicroplates
(Greiner Bio-One) and cultured for ~3 h in CO2 incubator. Before sig-
naling reading, cells werewashed twice and replaced with BRET buffer
(PBS containing 0.5mM MgCl2 and 0.1% glucose). The signal reading
was performed using the PHERAstar FSX and POLARstar Omega plate
reader (BMG Labtech).

NanoBiT β-arrestin recruitment assay
Assayswereperformed asdescribed18,75 by using the PromegaNanoBiT
Protein Protein Interaction assay system. cells were transfected with
pcDNA3.1-GPR139-SmBiT (0.42μg), 0.42μg of Lgbit tagged β-arrestin1
or 2 (pcDNA3.1-β-arrestin1-LgBiT, pcDNA3.1-LgBiT-β-arrestin1,

pcDNA3.1-β-arrestin2-LgBiT, pcDNA3.1-LgBiT-β-arrestin2). About 16 h
after transfection, cells were detached and seeded in 96-well white
plate. Before reading, 50μl substrate working solution was added to
each well. After 5min basal reading, 50μl agonist was manually added
to each well followed by reading for another 20min.

Live cell imaging of β-arrestin recruitment
HEK293T/17 cells were co-transfected with 0.2μg of SNAP-GPR139 or
SNAP-MOR and 0.01 μg β-arrestin 1-Venus or β-arrestin -Venus in
35mmdish. Twenty-four hours after transfection, cells were plated on
poly D-lysine coated No. 1.5 coverglass bottom 35mm dishes in com-
plete DMEM overnight. Prior to imaging, the SNAP-tag of surface
expressed SNAP-GPR139 or SNAP-MORwas labeled by incubationwith
SNAP surface 594 (New England Biolabs) diluted to 1 µM in complete
media at 37 °C for 30min to 1 h. Cells were imaged in HBSS (CaCl2,
MgCl2) supplemented with 10mM HEPES in a temperature controlled
chamber at 37 °C under ambient atmosphere. Imaging was performed
using an Olympus FV3000 LSM confocal microscope through the
×100, 1.50 NA objective. For live cell β-arrestin recruitment, a single
focus on a single optical section wasmaintained using ZDC autofocus,
and images were collected at a rate of 0.1 Hz with simultaneous exci-
tation with the 488 and 561 laser lines and detection at 500–548nm
and 584–656nm for Venus and SNAP-594, respectively. After a 1min
baseline, agonist was added, and cells were recorded for an additional
20min. For Z-stacks of cells were taken before and after agonist
addition.

Immunocytochemistry
HEK293T/17 cells were transfected with 0.42μg pCDNA3.1-HASP-HA-
GPR139 and 0.42 μg pCDNA3.1-kRas-venus. After 24 h, cells were
detached and reseeded on coverslips coated with poly D-lysine in 24-
well plates. The next day, cells were treated with 40μM Dyn A13 and
incubation stopped by aspirating DynA13 following by adding ice-cold
PBS. Cells were fixed in 4% PFA in PBS for 20min and then permeabi-
lized in 0.1% Triton X-100 in PBS for 5min. Cells were blockedwith 10%
donkey serum in 0.1% Triton X-100 in PBS for 1 h at room temperature.
The anti-HA-AlexFluo 594 antibody (1:500) was diluted in 2% donkey
serum in 0.1% Triton X-100 in PBS. Cells were incubated with antibody
for 2 h at room temperature and washed with 0.1% Triton X-100 in PBS
for 15min. Then cells were mounted onto slides using Fluoromount G
containing DAPI.

Imaging and analysis
Imaging of HEK293T/17 cells was performed on Olympus FV3000
confocal microscope using a 100x objective. Co-localization analysis
was performed with ImageJ (https://imagej.nih.gov/ij/) and 11 images
for each condition. Lines were drawn across cells, avoiding the
nucleus, and the fluorescence values from the plasma membrane
(confirmed by KRas-venus) and intracellular membranes were quanti-
fied. Co-localization analysis using the entire cell was done using
ImageJ and the Pearson’s correlation coefficient was reported.

Surface abundance assay
Cell surface GPR139 was measured using Promega’s NanoGlo® HiBiT
Extracellular Detection System18. HEK293T/17 cells were transfected
with 0.42μg HiBit-GPR139. For testing MOR internalization, cells were
transfectedwith 0.42μgHiBit-MORwith or without 0.21μg pCDNA3.1-
HASP-HA-GPR139. The next day, cells were reseed into white-walled-
96-well plate at about 80,000 cells per well and incubated for 3 h in
CO2 incubator. Medium was then aspirated and 50 µl of BRET
buffer containing Nano-Glo® HiBit extracellular substrate and LgBiT
proteinwas added to eachwell. Plateswere loaded into PHERAstar FSX
plate reader set at 37 °C and luminescencewasmeasured every 150 s or
90 s. To measure internalization, surface abundance was first mea-
sured as described, then PDYN-derived peptides were applied, and
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luminescence was measured for 30min. The final time point was
recorded as surface abundance after internalization and compared
with the surface abundance before the addition of peptides.

cAMP measurements
cAMP assays were performed as described76,77. Briefly, HEK293T/17
cells were transfected with 2.52μg of Promega-22F cAMP pGloSensor,
0.42μg pCDNA3.1-MOR-FLAG, with or without 0.42μg pCDNA3.1-
HASP-HA-GPR139. The next day, cells were incubated in Promega GLO
reagent for ~2 h at 37 °C and cooled down to room temperature before
reading. Luminescence signalwas readon PHERAstar FSX plate reader.
Cells were treated with various concentration of DAMGO or Dyn A13.
After 5min basal reading, cells were treated with 1μM of forskolin
(FSK) and readings were continued for up to 20min. The FSK-
mediated increase in luminescence in the absence of agonist was used
to normalize the data, where a decrease in luminescence signaling was
attributed to MOR activity.

Live imaging of calcium dynamics
Adeno-associated virus (AAV) serotype 9 encoding the calcium indi-
cator jGCaMP7s driven by synapsin promoter (pGP-AAV-Syn-
jGCaMP7s-WPRE (AAV9)) was obtained from Addgene (104487-AAV9).
Male mice 4–8 weeks old were anesthetized with vaporized isoflurane
and mounted on a stereotaxic frame. Gpr139 KO and their WT litter-
mates received a 300nl bilateral stereotaxic guided injection targeted
to themedial habenula (AP −1.7,ML ± 0.25 relative to bregma, DV −2.25
relative to dura). The injection volume and flow rate were controlled
with an injection pump (World Precision Instruments, Sarasota, USA).
Calcium imaging experiments were performed after a minimum of
2 weeks post-surgery. On the day of the experiment, mice were anes-
thetized with isoflurane and decapitated. The brain was quickly
removed and rested for 30 s in ice-cold oxygenated NMDG cutting
solution containing (in mM): 93 N-Methyl-D-glucamine (NMDG), 2.5
KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 thiourea, 5 Na-
ascorbate, 3 Na-pyruvate, 0.5 CaCl2·2H2O, 10 MgCl2 (adjusted to
7.2–7.4 pH with HCl). Coronal slices (300μm thick) containing the
habenula were cut on a vibratome (VT1200S, Leica)18. Slices were
recovered at room temperature in recording buffer containing (in
mM): 103 NaCl, 3 KCl, 5 TES, 8 trehalose, 10 glucose, 26 NaHCO3, 1
NaH2PO4 (adjusted to 7.3 PH with NaOH). The experimenter was blind
to the mouse genotypes. Excitation was performed with a 488 nm
laser. The acquisition of XYZ image stacks at 1.5 s intervals was col-
lected through aHyDdetector tuned to 495–600nm.Quantificationof
fluorescence intensity was performed on neuronal cell bodies using
ImageJ. One hundred microliters of 160μM Dyn A17 was added in
phasic puffs in recording buffer after ~50 s basal signal recording.

For calcium imaging experiments assessing optogenetic release
of endogenous dynorphin in slices, 4–8 weeks male Pdyn-Cre mice
were used for viral injection targeted at nucleus accumbens (AP + 1.4,
ML ± 1 relative to bregma, DV −4.5 relative to dura). Adeno-associated
virus (AAV) serotype 5 encoding the ChrimsonR-tdTomato driven by
synapsin promoter (pAAV-Syn-FLEX-rc[ChrimsonR-tdTomato] (AAV5))
(Addgene, 62723-AAV5) and AAV9-Syn-jGCaMP7s-WPRE virus were
mixed at 1: 1 dilution (400nl final volume) before injection. Imaging
was carried out at room temperature in oxygenated ACSF containing
the following (in mM): 126 NaCl, 2.5 KCl, 2.4 CaCl2, 1.3 MgCl2, 18
NaHCO3, 1.2 NaH2PO4, 10 glucose. Imaging was performed with exci-
tation by a 488 nm laser and the acquisition of XYZ image stacks at 1.5 s
intervals was collected through a HyD detector tuned to 500–570 nm.
A fiber optic (CFM14L20, Thorlabs) coupled to a LED (M617F2, Thor-
labs) was used for optogenetic stimulation with 20 trains of 1 s sti-
mulation followed by 0.5 s inter-stimulation interval52. Quantification
of the fluorescence intensity from cell bodies was performed using

ImageJ. For κLight 1.3 imaging experiments assessing dynorphin
release by optogenetic stimulation in slices, 8–12 weeks male Pdyn-Cre
mice were used for viral injection at NAc as above. Adeno-associated
virus (AAV) serotype 5 encoding the ChrimsonR-tdTomato driven by
synapsin promoter (pAAV-Syn-FLEX-rc[ChrimsonR-tdTomato] (AAV5))
(Addgene, 62723-AAV5) and AAV-CAG-DIO-κLight1.3 (UNC Neuro-
tools) weremixed at 1:1 dilution (400nl final volume) before injection.
Slice preparation and optogenetic stimulation were done as above.
Imaging was performed with excitation by a 488 nm laser and the
acquisition of XYT mode at 300ms intervals was collected through a
HyDdetector tuned to 500–550 nm.Quantification of thefluorescence
intensity was performed using ImageJ.

Slice electrophysiology
For acute ex vivo brain slice preparation, both male and female mice
were used. Mice were anesthetized using isoflurane followed by
decapitation and brains collected and immediately transferred to ice-
cold and oxygenated cutting solution consisting of (mM): 93 NMDG,
2.5 KCl, 20 HEPES, 10 MgSO4·7H2O, 1.2 NaH2PO4, 30 NaHCO3, 0.5
CaCl2·2H2O, 25 glucose, 3 Na-pyruvate, 5 ascorbic acid, and 5
N-acetylcysteine. Two hundred and fifty micrometers coronal slices
containing the medial habenula were prepared on a vibrating micro-
tome using standard procedures. Following the collection of coronal
sections, the brain slices were transferred to a 32 °C chamber con-
taining oxygenated cutting solution for a 10–15min recovery period.
Slices were then transferred to a 25 °C holding chamber with solution
consisting of (mM): 92 NaCl, 2.5 KCl, 20 HEPES, 2 MgSO4·7H2O, 1.2
NaH2PO4, 30 NaHCO3, 2 CaCl2·2H2O, 25 glucose, 3 Na-pyruvate, 5
ascorbic acid, 5 N-acetylcysteine, and were allowed to recover for
≥30min. For recording, slices were placed in a perfusion chamber and
continuously perfused with oxygenated artificial cerebrospinal fluid
(ACSF; 31–33 °C) consisting of (in mM): 113 NaCl, 2.5 KCl, 1.2
MgSO4·7H2O, 2.5CaCl2·2H2O, 1NaH2PO4, 26NaHCO3, 20glucose, 3Na-
pyruvate, 1 ascorbic acid, at a flow rate of 2–3ml/min.

Medial habenula neurons were identified at ×40 magnification
with an immersion objective with differential interference contrast
microscopy. Cells for recording were selected from the lateral portion
of the medial habenula due to the high density of mu opioid receptor
and GPR139 expression in this area18. All recordings were carried out in
loose-seal cell-attached configuration with borosilicate glass pipettes
(3–6MΩ) filledwith extracellular ACSF solution. Tonic action potential
firing experiments were carried out in voltage clamp configuration
with the holding potential set such that baseline current was at or near
I = 0 pA. Baseline firing was recorded for 5min, followed by 5min
perfusion of 500nM Dyn A17. Signals were filtered at 1 kHz and sam-
pled at 10 kHz using Patchmaster software (HEKA Instruments) with an
EPC10 amplifier (HEKA Instruments). To reliably detect pharmacolo-
gical effects, cells with a basal firing frequency <1 Hz were labeled as
silent and excluded from recordings. Data files were then converted to
Axon Text File (.atf) format using Stimfit software and analyzed using
Clampfit 10.7 software (Molecular Devices).

Statistics
Statistical significance was analyzed using GraphPad Prism 10.1.1 soft-
ware. Concentration-response curves were fitted to four-parameter
sigmoidal function. Data are displayed as mean ± SEM from three or
four independent experiments. Analysis of variance (ANOVA) with
appropriate post-hoc test and two-tailed Student’s t-test were used for
statistical analysis as indicated in the figure legends.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
Data generated during the study are deposited at Figshare and are
accessible via thehttps://doi.org/10.6084/m9.figshare.29533004. Source
data are provided with this paper.
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