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The habenula, an ancient small brain area in the epithalamus,
densely expresses nicotinic acetylcholine receptors and is critical
for nicotine intake and aversion. As such, identification of
strategies to manipulate habenular activity may yield approaches
to treat nicotine addiction. Here we show that GPR151, an orphan
G-protein–coupled receptor (GPCR) highly enriched in the habenula
of humans and rodents, is expressed at presynaptic membranes and
synaptic vesicles and associates with synaptic components control-
ling vesicle release and ion transport. Deletion of Gpr151 inhibits
evoked neurotransmission but enhances spontaneous miniature
synaptic currents and eliminates short-term plasticity induced by
nicotine. We find that GPR151 couples to the G-alpha inhibitory pro-
tein Gαo1 to reduce cyclic adenosine monophosphate (cAMP) levels in
mice and in GPR151-expressing cell lines that are amenable to ligand
screens. Gpr151– knockout (KO) mice show diminished behavioral re-
sponses to nicotine and self-administer greater quantities of the drug,
phenotypes rescued by viral reexpression of Gpr151 in the habenula.
These data identify GPR151 as a critical modulator of habenular
function that controls nicotine addiction vulnerability.

GPCR | IPN | spontaneous release | cAMP | self-administration

The global impact of nicotine addiction on health and econ-
omy is well documented (1). Currently, about one-third of

the world’s adult population smokes tobacco, and there is an
alarming increase in the use of e-cigarettes (2). The tobacco
epidemic kills nearly 7 million people a year, mainly from oral,
esophageal, and lung cancers and cardiovascular diseases (1). Ad-
diction is a chronic relapsing disorder characterized by compulsive
drug seeking, escalation of intake, and development of affective
and physical symptoms of withdrawal upon abrupt discontinuation
or decrease in intake (3). Most drugs of abuse, including nicotine,
as well as other reinforcing natural behaviors act on the meso-
corticolimbic dopamine reward system (4, 5). However, stress and
aversive stimuli activate and remodel partially overlapping net-
works within this system. For instance, other structures such as the
habenula have been implicated in reward and aversion (6, 7). In-
creasing evidence suggests that the degree of sensitivity to both the
rewarding and aversive aspects of an addictive drug and the severity
of the withdrawal after discontinuing its use contribute to the ad-
diction process (3). Understanding the mechanisms of these pro-
cesses may reveal insights into the mechanics of the disorder and
identify targets for medications development.
The habenula is a conserved diencephalic structure in the

dorsal thalamus divided into medial (MHb) and lateral (LHb)
domains (6, 8). The LHb receives and sends inputs to midbrain
and hindbrain sites, while the MHb almost exclusively projects to
the interpeduncular nucleus (IPN) via the fasciculus retroflexus
(FR) (6, 8). MHb neurons are glutamatergic but use different
neurotransmitter combinations (9); the superior part is gluta-
matergic, while the dorsal part of the central MHb coreleases
substance P and glutamate, and the inferior, central, and lateral

domains corelease acetylcholine and glutamate, which activate
postsynaptic receptors via volume and wired transmission, re-
spectively (10, 11). Some of the highest densities of nicotinic
acetylcholine receptors (nAChRs) in the brain are detected in the
MHb–IPN axis (12–15), especially of α5, α3, and β4 nAChR
subunits. Little was known about the MHb in regulating the mo-
tivational properties of nicotine until human genetics studies
established a strong association between genetic variants in the
CHRNB4–A3–A5 gene cluster and smoking dependence (16),
indicating that these nAChR subtypes are critical for acquisition of
nicotine dependence and difficulties in smoking cessation. This
prompted considerable interest in the role of MHb in nicotine
addiction and led to investigations showing that the MHb exerts a
key role in nicotine intake, aversion, withdrawal, and relapse (13,
17–19). Furthermore, it has been shown that chronic exposure to
D-amphetamine, methamphetamine, MDMA, cocaine, or nico-
tine can induce degeneration of the FR, the main output tract of
the habenula (6, 7). The finding that this descending pathway is
compromised following drug binges has implications not only for
theories of drug addiction but also for psychosis in general. Thus,
the emerging picture is that the MHb–IPN pathway acts as an
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inhibitory motivational signal that limits drug intake (17) and that
alterations in the functioning of this pathway by drug consumption
may contribute to aspects of addiction. Therefore, identification of a
receptor that can regulate habenular neurons would be an ideal
candidate for development of addiction therapies. Here we in-
vestigated the role of GPR151, an orphan G-protein–coupled re-
ceptor (GPCR) with selective expression in habenular axonal
projections in regulating nicotine consumption.

Results
GPR151 Is Expressed at Axonal and Presynaptic Membranes and
Synaptic Vesicles in Human and Rodent Habenula. GPR151 expres-
sion is conserved in the habenula of zebrafish, mice, and rats
(20). Most Gpr151-expressing cells are concentrated in the MHb
and a few scattered cells in the LHb (20, 21), as shown by in situ
hybridization and translating ribosome affinity purification
(TRAP) analysis (Fig. 1 A and B and SI Appendix, Figs. S1 and S2
A and B). GPR151 immunostaining is not detected in habenular
cell bodies, but along their axonal projections that form the FR

and terminate in the IPN (Fig. 1 C and D). Similarly, immuno-
histochemical localization of GPR151 in human brain shows that
GPR151 specifically labeled axonal projections from MHb and
LHb in the FR and IPN (Fig. 1 E–K). Western blot analyses show
specific expression of GPR151 in human IPN samples (Fig. 1L).
GPR151 is expressed mostly in MHb cholinergic neurons (70% of
ChAT+ neurons express GPR151, Fig. 1M and SI Appendix, Fig.
S2) highly enriched in nAChRs (Fig. 1N and SI Appendix, Fig. S2
C–E), but also in habenular neurons that are noncholinergic (30%
approximately, SI Appendix, Fig. S2B). Since all neurons that orig-
inate in the MHb are glutamatergic (9, 10) we used the vesicular
glutamate transporter 1 VGLUT1 to identify SVs corresponding to
habenular axonal terminals and distinguish them from GABAergic
postsynaptic neurons in the IPN. We performed immunoelectron
microscopy (iEM) analyses in the rostral part of IPN (IPR, SI Ap-
pendix, Fig. S3A), which is most intensely labeled by GPR151 (20)
and contains the highest concentration of cholinergic/glutamatergic
axonal terminals (10). GPR151 immunoreactivity was observed in
wild-type (WT) mice but not in Gpr151–knockout (KO) mice (SI
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Fig. 1. GPR151 is enriched in the habenula of humans and rodents. (A) Mouse brain scheme indicating habenula (Hb), fasciculus retroflexus (FR), and
interpeduncular nucleus (IPN). Dashed line indicates the plane of the coronal section shown in B. (B) In situ hybridization (46) shows Gpr151 mRNA in cell bodies of
MHb and LHb. (C and D) GPR151 immunohistochemistry in axonal fibers in Hb, FR, and IPN. (Scale bar, 100 μm in C and 500 μm in D.) (E) Schemes indicating the MHb,
LHb, FR, and IPN in human brain. (F–K) GPR151 immunostaining in MHb, LHb, and FR of human brain samples. High-magnification pictures below. Arrows indicate
GPR151 puncta along axons. (Scale bar, 1 mm in F, 500 μm in G, 50 μm in H and J, and 20 μm in I and K.) (L) Western blot of untransfected and GPR151–HA transfected
HEK293 cells; IPN samples from WT, Gpr151–KO mice, human IPN, and human midbrain. Two bands (46 and 53 kDa) correspond to GPR151. (M) GPR151 immu-
nohistochemistry in Chat–ChR2 mice shows ChR2–EYFP (green) and GPR151 (red) in MHb cholinergic neurons. (Scale bar, 100 μm.) (N) GPR151 immunohistochemistry
in TgChrna3–EGFPmice shows EGFP in MHb neurons expressing α3nAChRs (green) and GPR151 (red) in axons terminating in the IPN. (Scale bar, 100 μm.) (O) Electron
microscopy (EM) micrographs of GPR151 immunogold particles (red arrows) at the presynaptic membrane (Pre; light blue line) of the active zone (AZ). Postsynaptic
membrane (dark blue line), postsynaptic density (PSD), and synaptic vesicles (SVs; red circles) are indicated. (Scale bar, 100 nm.) (P) Double postembedding EM shows
immunogold particles of GPR151 (12 nm, arrows) and VGLUT1 (6 nm, arrowheads) at SVs (red circles) close to presynaptic membranes (blue lines). (Scale bar, 100 nm.)

Antolin-Fontes et al. PNAS | March 10, 2020 | vol. 117 | no. 10 | 5503

N
EU

RO
SC

IE
N
CE

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
31

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916132117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916132117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916132117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916132117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916132117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916132117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916132117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916132117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916132117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916132117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916132117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916132117/-/DCSupplemental


www.manaraa.com

Appendix, Fig. S3 B–G), confirming the specificity of the antibody.
GPR151 nanogold particles were located at the presynaptic plasma
membrane (SI Appendix, Fig. S3 B, C, and J), at the active zone
(AZ) (Fig. 1O) and in association with SVs (Fig. 1P and SI Appendix,
Fig. S3 H and J) and dense core vesicles (SI Appendix, Fig. S3 I and
J). GPR151 nanogold particles were also found along habenular
axonal projections, mostly at the membrane but also along mi-
crotubules (SI Appendix, Fig. S3 L and M). This is interesting in
light of recent findings showing that nAChRs are also expressed
along Hb axons in the FR, where they can be activated by nicotine
(22). Double postembedding iEM with VGLUT1 confirmed that
GPR151 is at SVs (Fig. 1P and SI Appendix, Fig. S4 A–F) and
transported along microtubules in axons (SI Appendix, Fig. S4 G
and H). No significant differences in the synaptic terminal area,
length of the AZ, diameter and density of SVs, and distance of
SVs to the AZ were detected between WT and Gpr151–KO (SI
Appendix, Fig. S4 I–M). The fact that Gpr151–KO mice have
presynaptic terminals with normal morphology and SVs distribu-
tion argues against a role for GPR151 in synaptic scaffolding,

cytoskeleton organization, or brain development. Rather, GPR151
localization at the synaptic and perisynaptic membrane and SVs
suggests that GPR151 may modulate synaptic activity.

GPR151 Associates with Synaptic Components, Couples to the G-Alpha
Inhibitory Protein Gαo1, and Regulates Cyclic Adenosine Monophosphate
(cAMP) Levels.To understand the signaling mechanisms through which
GPR151 controls habenular neurons we sought to identify its inter-
acting partners, including which G-alpha protein subunit class (Gαs,
Gαi, Gαq/11, or Gα12/13) it uses for signal transduction. We col-
lected brain samples from IPNs of WT and Gpr151–KO mice,
immunoprecipitated (IP) the protein extracts with GPR151 anti-
bodies, and performed mass spectrometry analyses of IP samples
(Fig. 2A and Dataset S1). As shown at the top right of the volcano
plot (Fig. 2B), GPR151 is the most enriched protein in the immu-
noprecipitated fraction in WT mice, and it is not present in Gpr151–
KO extracts, confirming the efficacy and specificity of the IPs.
In addition, we identified 17 proteins that coimmunoprecipi-
tated with GPR151 (Fig. 2B). These include SV proteins such
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Fig. 2. GPR151 couples to the G-alpha inhibitory subunit Gαo1 and coimmunoprecipitates with presynaptic regulators. (A) Outline of coimmunoprecipitation
(co-IP) and Mass Spectrometry (MS) experiments (n = 5 biological replicates for WT and KO; 15 IPN per replicate).(B) Volcano plot of GPR151 co-IPed proteins
from WT (Right) and Gpr151–KO (Left) IPN samples. Log2 ratios are plotted against the adjusted negative log10 P values. Significantly enriched co-IPed
proteins (P < 0.05, Student t test) found in WT samples are labeled in red and include GPR151, Gαo1, ATPases, and SV2A. Control proteins not enriched in WT
(log2 < 1) include Gβ1, ACTB1, and ACTA2, indicated in gray. (C) Western blot (WB) and quantification of GPR151, Gαo1, and Gαs in input (total lysate of WT
and KO mice IPN samples) and immunoprecipitated (IPGPR151) IPN brain samples. GPR151 IPs with Gαo1 (Middle) but not with Gαs (Right) (IPGPR151 WT: 1 ± 0,
KO: 0.03 ± 0.01, n = 5, unpaired t test, ***P < 0.0001; Input Gαo1/2 WT: 1 ± 0, KO: 0.98 ± 0.05, n = 5, unpaired t test, not significant (n.s.): P = 0.84; IP Gαo1/2
WT: 1 ± 0, KO: 0.31 ± 0.09, n = 5, unpaired t test, P < 0.0001). The double arrow indicates the double band corresponding to GPR151 WB signal. Arrowheads
indicate Gαo1 and Gαs WB signals. (D) LANCE cAMP competition assay in CHO–K1 cells under forskolin stimulation (log Forskolin nM) shows higher cAMP
levels in parental control cells (red) than in GPR151-expressing cells (green). Pertussis toxin (PT) decreases the EC50 (n = 2 technical triplicates per response
curve, one-way ANOVA for EC50 values, Bonferroni’s multiple-comparison test, ****P < 0.0001, CHO–K1–Control vs. CHO–K1–GPR151, P > 0.99, CHO–K1–
Control vs. CHO–K1–Control+PTX, ***P = 0.0004, CHO–K1–GPR151 vs. CHO–K1–GPR151+PTX). (E) Knockdown of Gpr151 in IPN after injection of lentivirus (LV)–
shRNA–GFP in the MHb ofWTmice in comparison with mice injected with LV–scramble. LP, lateral posterior nucleus of the thalamus; MD, medio dorsal nucleus of
the thalamus; VPLp, ventral posterior lateral nucleus of the thalamus; Pul, pulvinar of the thalamus; CM, centromedian nucleus of the thalamus; sm, stria
medularis; 3V, third ventricle; ZI, zona incerta; TH, thalamus; M, midbrain; Aq, cerebral aqueduct. Dashed lines F and G indicate the sectioning planes used for
micrographs F and G. (Scale bar, 100 μm.) (F) Gpr151–KO and shRNA-injected mice have higher cAMP levels in the IPN thanWT and LV–scramble control mice (KO
vs. WT: n = 15, unpaired t test, **P = 0.0016, shRNA3 vs. scramble n = 8–6, unpaired t test, P = 0.07). Data are represented as mean ± SEM. See SI Appendix, Table
S3 for details of statistical analysis.
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as SV glycoprotein 2A (SV2A) and voltage-dependent anion chan-
nels (VDAC2) (23) and ATPases involved in regulating the func-
tional dynamics of the presynapse (including the sodium/potassium
ATPase composed of AT1A2 and AT1A3 (catalytic α-subunits),
AT1B1 and AT1B2 (structural β-subunits), the calcium ATPase
(AT2A2 and AT2B3), and the H+ transporting ATPase (AT5B) (24)
(Fig. 2B and SI Appendix, Table S1 and Figs. S5–S7 of GO analysis).
Association of GPR151 with these proteins in mass spectrometry is
consistent with iEM localization at SVs. Besides SV proteins, we
detected a strong interaction with the G-alpha inhibitory subunit
Gnao1 (protein name Gαo1), a heterotrimeric guanine nucleotide-
binding G proteins involved in intracellular signal transduction (Fig.
2B). To confirm this interaction, we performed immunoprecipita-
tions and Western blot analysis of IPN extracts from WT and KO
mice. As shown in Fig. 2C, GPR151 associates with Gαo1 but not
with the G-alpha stimulatory subunit (Gαs). TRAP data collected
from MHbs of ChATDW176 TRAP mice show that Gαo1 is the most
abundant inhibitory Gi/o subunit in cholinergic MHb neurons and is
expressed at similar levels in WT and Gpr151–KO mice (Dataset S2
and SI Appendix, Table S2).
To further validate the interaction of GPR151 with Gαo1,

which inhibits adenylyl cyclase activity and decreases intracellu-
lar cAMP, we generated a stable cell line expressing GPR151
with a SNAP-tag. We used CHO–K1 cells, which express high
levels of Gαo1. GPR151 expression at the membrane was vali-
dated by SNAP and GPR151 immunostaining and Western blot
(SI Appendix, Fig. S8 A and B). Next, we measured cAMP levels
upon forskolin stimulation using the LANCE cAMP competition
assay. The half maximal effective concentration (EC50) of for-
skolin of GPR151-expressing CHO–K1 cells was significantly
higher than their parental cells CHO–K1 (Fig. 2D), suggesting
that GPR151 is constitutively active and decreases cAMP, buff-
ering the stimulatory effect of forskolin. Next, we treated the
cells with pertussis toxin (PT), which inactivates Gαi/o proteins
(25). PT had a strong effect on cAMP production stimulated by
forskolin in GPR151-expressing CHO–K1 cells (Fig. 2D), indicating
that PT blocks a large portion of the inhibitory response mediated
by Gαo1. Together these results provide evidence that GPR151 is
constitutively active and couples to Gαo1 to decreases cAMP levels.
The constitutive activity of GPR151 is not unexpected, since it lacks
the DRY motif, which plays an essential role in the interaction with
G proteins in class A GPCRs (26).
Given that GPR151 coimmunoprecipitates with Gαo1 in

mouse brain extracts and decreases cAMP levels in CHO–K1
cells, we wanted to evaluate whether cAMP levels are different
in KO mice. We conducted cAMP ELISAs of IPN samples of
WT and Gpr151–KO mice. We observed that cAMP levels are
higher in Gpr151–KO IPN homogenates than in WT mice (Fig.
2F). Next, we screened for a short hairpin RNA (shRNA) against
Gpr151 that showed suitable down-regulation of Gpr151 in vitro
(SI Appendix, Fig. S9 A and B) and in vivo (Fig. 2E and SI Ap-
pendix, Fig. S9C). WT mice injected into the MHb with the
shRNA against Gpr151 showed a strong trend of increased cAMP
levels (P = 0.07) relative to mice injected with a scrambled shRNA
(Fig. 2F). These results suggest that GPR151 interacts with the
Gαo1 inhibitory subunit to reduce cAMP at habenular synapses in
the IPN.

GPR151 Contributes to Synaptic Plasticity. The localization of
GPR151 at the presynaptic membrane and SVs, and its associ-
ation with presynaptic proteins known to regulate the dynamics
of neurotransmitter release, suggested that GPR151 could
modulate the synaptic activity of habenular terminals. To explore
this possibility, we first recorded spontaneous glutamatergic
miniature excitatory postsynaptic currents (mEPSCs) in IPN
neurons. We observed that the frequency, but not the ampli-
tudes, of mEPSCs is increased in Gpr151–KO mice (Fig. 3 A–C),
indicating that GPR151 acts presynaptically and influences the

release probability of SVs at basal conditions. In the absence of a
known ligand to activate GPR151, we employed optogenetics
to evaluate whether light-evoked currents would differ between
WT and Gpr151–KO mice crossed to Chat–ChR2 mice (11)
expressing channelrhodopsin-2 in cholinergic neurons (Fig. 3D).
We used these mice since the majority of GPR151-expressing
neurons (70%) are cholinergic neurons (SI Appendix, Fig. S2 A
and B). Glutamatergic evoked eEPSCs were elicited by brief
(5 ms) blue light pulses (Fig. 3E). The amplitude of light eEPSCs
was significantly smaller in Chat–ChR2xGpr151–KO than in
Chat–ChR2 mice (Fig. 3 E and F), and this was partially rescued
in Chat–ChR2xGpr151–KO mice injected with a rescue virus
(AAV2/1–Gpr151) expressing Gpr151 specifically in MHb (SI
Appendix, Fig. S10A). Addition of forskolin, which raises cAMP
levels, increased the amplitude of light eEPSCs in Chat–ChR2 mice
(from 978 ± 129 pA to 1615 ± 155 pA, unpaired t test, *P = 0.01)
(Fig. 3 F and G). However, the amplitude was not altered in Chat–
ChR2xGpr151–KO upon forskolin application and remained
smaller than WT levels (from 479 ± 62 pA to 390 ± 153 pA) (Fig. 3
F and G). This suggests that the absence of GPR151 compromises
the coupling of cAMP signaling to neurotransmitter release ma-
chinery in habenula neurons.
Next, we used the Paired Pulse Ratio (PPR) to measure pre-

synaptic release probability upon light stimulation. This stimu-
lation paradigm measurement is commonly used to evaluate the
effects of nicotine, which acts presynaptically to increase release
probability at several synapses (27). At basal conditions, the PPR
was similar between genotypes (compare black to red in Fig. 3
H–J). However, nicotine application in Chat–ChR2 slices in-
creases the probability of the initial presynaptic release of the
readily releasable pool of vesicles and therefore reduces the PPR
(Fig. 3 H and J). In contrast, the PPR of Chat–ChR2xGpr151–KO
does not change upon nicotine application (Fig. 3 I and J). The
increased rate of spontaneous release, decreased evoked EPSC,
and unchanged PPR upon nicotine administration in Gpr151–KO
mice point to a critical role of GPR151 in synaptic activity of
habenular neurons.

Gpr151–KO Mice Show Reduced Sensitivity to Nicotine and Increased
Self-Administration of High Nicotine Doses. To understand the
contribution of GPR151 to regulating the motivational proper-
ties of nicotine, we investigated its role in behaviors affected by
nicotine. At baseline, Gpr151–KO mice showed no differences in
anxiety-like behaviors measured by the elevated plus maze and in
sensorimotor gating analyzed by the prepulse inhibition test,
suggesting that GPR151 does not regulate basal affective-related
behaviors (SI Appendix, Fig. S11 A–C). We assayed locomotor
activity after an acute nicotine challenge, which reflects the
sensitivity of an individual to nicotine (28). Baseline activity of
Gpr151–KO mice at minute 0 was similar to WT (Fig. 4A).
However, acute nicotine-induced hypolocomotion was signifi-
cantly less prominent in Gpr151–KO mice (Fig. 4A), indicating
that Gpr151–KO mice have reduced sensitivity to the motor-
depressing property of nicotine. To measure nicotine toler-
ance, we performed daily acute injections of nicotine. WT mice
showed a decreased effect of nicotine on locomotion over con-
secutive days, but Gpr151–KO mice did not demonstrate an
adaptive response to repeated injection of nicotine (SI Appendix,
Fig. S11D).
To rule out a developmental effect of GPR151 in habenular

function, we injected adult Gpr151–KO mice with a rescue virus
for reexpression ofGpr151 andWT adult mice with virus expressing
an shRNA againstGpr151. Viruses were injected bilaterally into the
MHb, and presence or absence of GPR151 expression in the
habenula, along the FR and at the IPN, was validated in the in-
jected mice by immunohistochemistry (Fig. 2E and SI Appendix,
Figs. S9C and S10B). WT mice displayed nicotine-induced
hypolocomotion at all nicotine doses in a dose-dependent
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manner, while Gpr151–KO mice did not show a further decrease
of locomotion at the higher doses (Fig. 4B). The absence of
nicotine-induced hypolocomotor effects observed in Gpr151–KO
mice was recapitulated in shRNA-injected mice, while reex-
pression of Gpr151 in Gpr151–KO mice restored sensitivity to
nicotine-induced hypolocomotion (Fig. 4B). These results show
that Gpr151–KO mice are less sensitive to high doses of nicotine
and do not show behavioral plasticity in response to repeated
exposures of nicotine.
To determine whether GPR151 regulates the reinforcing

properties of nicotine, we examined WT and Gpr151–KO mice
in a self-administration task. First, mice underwent training to
respond for food rewards in operant chambers where presses on
the active lever resulted in the delivery of food pellets under a
fixed-ratio 5 time-out 20 s (FR5TO20) schedule of reinforce-
ment. No differences were observed in the acquisition of lever-
pressing behavior (SI Appendix, Fig. S11 E and F). We de-
termined if nicotine (1 mg/kg, s.c.) can reduce responding for
food rewards in this task in WT and Gpr151–KO mice. In saline
treated mice, the number of food pellets earned by WT mice
(9.9 ± 0.8) and Gpr151–KO mice (11.8 ± 0.5) was comparable
(Fig. 4C). Upon nicotine administration, WT mice responded
significantly less to food rewards than saline WT controls,

consistent with the anorectic effect of nicotine on food intake.
However, this anorectic response was much less pronounced in
Gpr151–KO mice (Fig. 4C) reflecting a reduced sensitivity to
nicotine-induced suppression of appetite. Using the same para-
digm but pairing the lever pressing to intravenous (i.v.) infusion of
nicotine, we investigated the role of GPR151 in nicotine rein-
forcement. As expected, WT mice responded for self-administered
nicotine infusions according to a known inverted U-shaped dose–
response curve (19) (Fig. 4D). Notably, Gpr151–KO mice self-
administered far more nicotine at a high nicotine dose than WT
littermate mice (Fig. 4E). This pattern of responding to nicotine,
particularly at higher unit doses of the drug, is similar to that pre-
viously reported in α5 nAChR subunit KO mice and in rats in which
α5 subunits are selectively knocked down in Hb–IPN (19), suggesting
reduced sensitivity to the aversive effects of high doses of nicotine.
Reexpression of GPR151 in the MHb of Gpr151–KO mice reduced
self-administration of the 0.4 mg/kg nicotine dose to levels similar to
WT mice (Fig. 4 F and G). Consistent with the locomotor behavioral
tests (Fig. 4 A and B), both the reduction in the anorectic effects of
nicotine and the fact that Gpr151–KO mice self-administer more
nicotine at high doses suggest that the KO mice are resistant to the
aversive and malaise-inducing effects of nicotine. Taken together,
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Fig. 3. GPR151 contributes to synaptic plasticity. (A) Average amplitude of spontaneous miniature mEPSCs in postsynaptic IPN neurons recorded during 20 s
was not different between WT and Gpr151–KO mice (n = 15; unpaired t test, not significant [n.s.]: P = 0.08). (B) Average frequency rates of mEPSCs were
significantly different between WT and Gpr151–KO mice (n = 14–15; unpaired t test, *P = 0.01).(C) Example traces of mEPSCs of WT and Gpr151–KO mice. (D)
Chat–ChR2–EYFP mice were crossed to Gpr151–KO for optogenetic recordings. Angled brain sections showing ChR2 (green) and GPR151 (red) in MHb–FR–IPN
axis in Chat–ChR2 and loss of GPR151 signal in Chat–ChR2xGpr151–KO. Chat–ChR2 terminals in the IPN were optogenetically stimulated, and postsynaptic IPR
neurons were recorded. (Scale bar, 100 μm.) (E and F) Amplitude of the first blue light evoked EPSC is reduced in Chat–ChR2xGpr151–KO mice (red) compared
to Chat–ChR2 mice (gray) (n = 16–11, unpaired t test, **P = 0.0056). (G) Forskolin increases the previously observed difference of the amplitude of light
evoked EPSCs in Chat–ChR2 neurons, compared to Chat–ChR2xGpr151–KO neurons (n = 6–4, unpaired t test, ***P = 0.0007). (H and I) Example traces of
paired-pulse ratio (PPR) recordings after vehicle or nicotine. (J) Nicotine-induced decreases in PPR were absent in Chat–ChR2xGpr151–KO mice (n = 17 WT
control, 8 WT nicotine, 8 KO control, 10 KO nicotine, Kruskall–Wallis test, Dunn’s multiple comparisons test, *P < 0.05). Data are represented as mean ± SEM.
See SI Appendix, Table S3 for details of statistical analysis.
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these results demonstrate that GPR151 is critical for the inhibitory
control exerted by the MHb in limiting drug and food intake.

Discussion
The emerging role of the habenula in processing reward-related
and aversive signals has led to investigation of this brain circuit
for identification of modulatory mechanisms that may provide
common avenues for the development of new approaches toward
the treatment of addiction. In this study, we demonstrate that the
orphan receptor GPR151 regulates habenular neuron synaptic
function and modulates nicotine intake. We find that GPR151 is
selectively enriched in habenular presynaptic structures where it
regulates synaptic transmission. This is similar to the roles of
other GPCRs, including dopamine D2 and cannabinoid and
opioid receptors, which have been localized at other presynaptic

termini and shown to inhibit evoked synaptic transmission (29).
GPCRs at the AZ regulate fast transmission by local action of
the dissociated G beta–gamma complex (Gβγ) on exocytosis,
while GPCRs distant from the AZ modulate neurotransmission
through second-messenger cascades (29). GPR151 is both at the
AZ and at the perisynapse where it couples to the G-inhibitory
αo1 subunit to decrease cAMP and regulate synaptic release.
Gαo1 and Gβ1 subunits have been localized in SVs and DCVs in
neurons (23, 30), suggesting the presence of preassembled
GPR151/G protein-signaling complexes in vesicles that can be
transported to the plasma membrane upon neuronal stimulation.
Interestingly, GPR151 can be activated by acidic conditions
in vitro (31). Acidification also occurs after neuronal injury and
induces pain and hyperalgesia. Gpr151 messenger RNA (mRNA)
has been shown to increase during neuropathic pain induced by
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Data are represented as mean ± SEM. See SI Appendix, Table S3 for details of statistical analysis. n.s., not significant.
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nerve ligation (32, 33), suggesting that further studies will be re-
quired to examine its role in pain.
The present studies suggest that enhanced cAMP levels in

habenular terminals of Gpr151–KO mice are responsible for the
behavioral changes observed with nicotine. cAMP facilitates neu-
rotransmission by increasing release probability at central excitatory
synapses (34). Depletion of presynaptic cAMP levels also sup-
presses neurotransmission in habenular neurons (35). Increases in
cAMP signaling are a common adaptation following chronic mor-
phine treatment (36), and activation of CB1R also modifies syn-
aptic efficacy (37). Phosphorylation by cAMP-dependent kinases
regulates the rate of desensitization of nAChRs (38), and specific
PKA phosphorylation sites are modulated differently by acute or
chronic exposure to nicotine (36, 37). It has also been shown that
deficits in cAMP signaling can alter nicotine intake in mice (39).
Given our demonstration that loss of Gpr151 alters the frequency
of spontaneous mEPSCs without altering their amplitude, and that
it is present on SVs carrying SV2A and other core proteins, it is
probable that GPR151 can act directly on the core complex to
regulate vesicle release. This is consistent with studies showing that
altering the functions of synaptotagmin (40), SNAP-25, SV2A (41),
and of other proteins of the core synaptic protein complex involved
in docking and fusion leads to a phenotype of decreased evoked
EPSC amplitude and increased mEPSC frequency. The role of
GPR151 in the modulation of cAMP levels suggests also that its
function in MHb neurons may include cAMP-mediated phos-
phorylation of nAChRs or other proteins present in MHb termi-
nals. For example, the demonstration that the sodium/potassium
pump ATP1A3/B1 is present in the immunoprecipitates of
GPR151, and its demonstrated role in control the readily re-
leasable pool size at glutamatergic synapses (42), suggests this as
an additional possible target of GPR151 regulation.
Given the modulatory role of GPR151 on the response to

nicotine that we have demonstrated here, it is of interest to
understand its role in other behaviors modulated by the MHb
(43). Interestingly, UK biobank studies have recently shown that
GPR151 loss-of-function alleles are associated with lower body
mass index and protection from diabetes type 2 (44). Related to
this, we have recently found that nicotine acts on MHb neurons,
which are polysynaptically connected to the pancreas, to stimu-
late increases in blood glucose levels, and prolonged exposure to
this action of nicotine can precipitate the emergence of diabetes
in laboratory rodents (39). This suggests that GPR151 may in-
fluence diabetes vulnerability, particularly in smokers, by regu-
lating MHb function.
Finally, our studies suggest GPR151 as a candidate target for

therapies preventing drug abuse because: it is exclusively local-
ized in axonal projections of habenular neurons, decreasing the
likelihood of developing side effects due to alterations in other
brain circuits or in the peripheral nervous system; it modulates
neurotransmission and affects sensitivity to nicotine; habenular
synapses also contain high levels of opioid and cannabinoid re-
ceptors; and it belongs to the highly druggable class A family of
GPCRs that can be screened with cAMP assays. We hope our
work stimulates additional interest in GPR151, as we believe an
agonist to this receptor could be a valuable therapeutic in efforts
to reduce the adverse impacts of drug abuse on public health.

Materials and Methods
Animals. All procedures involving mice were approved by The Rockefeller
University andMount Sinai Institutional Animal Care and Use Committee and
were in accordance with the NIH guidelines (45). See SI Appendix, Supple-
mentary Experimental Procedures for details.

Coimmunoprecipitations, Western Blot, and Proteomic Analysis. Coimmuno-
precipitations for mass spectrometry analysis were performed using M-270
Epoxy Dynabeads (Invitrogen) with three different GPR151 antibodies.
Coimmunoprecipitations for Western blot analysis were done using Dyna-
beads Protein G (Invitrogen) coupled to GPR151 antibodies. See SI Appendix,
Supplementary Experimental Procedures for further details.

Immunohistochemistry of Human and Mouse Brain Samples and Quantification
Analysis. Human brain tissues were obtained from the National Institute of
Child Health and Human Development (NICHD) Brain and Tissue Bank from
five donors, ranging between 22 and 52 y of age. Immunohistochemistry
was performed in adult mice (8–12 wk) as described in ref. 22. See SI Ap-
pendix, Supplementary Experimental Procedures.

Electron Microscopy. Preembedding and postembedding nanogold labeling
was performed as in ref. 12. See SI Appendix, Supplementary Experimental
Procedures.

TRAP and RNA Sequencing (RNA-Seq). Three biological replicates were used for
TRAP analysis. Each replicate contained the habenulae from five CHAT–EGFP–
L10a transgenic mice (males and females 8–12 wk old). See SI Appendix,
Supplementary Experimental Procedures.

Electrophysiological Recordings. IPN neurons were patch-clamped at −70 mV.
Presynaptic MHb fibers were excited with a 473-nm blue light laser stimulation
and a pulse length of 5 ms. See SI Appendix, Supplementary Experimental
Procedures.

Behavioral Analysis. All behavioral studies were conducted blind to the ge-
notype of the tested mice, and only male mice 8–16 wk old were used. See SI
Appendix, Supplementary Experimental Procedures.

I.v. Nicotine Self-Administration Procedure.Mice weremildly food restricted to
85–90% of their free-feeding body weight and trained to press one of two
levers in an operant chamber (Med-Associates, Inc.) for food pellets under a
FR5TO20 reinforcement schedule. Mice underwent jugular catheter im-
plantation, and once stable responding was reestablished, subjects were
permitted to respond for i.v. nicotine infusions during 1 h daily sessions,
7 d per week, 3–5 d for each dose of nicotine in ascending order, with saline
last. See SI Appendix, Supplementary Experimental Procedures for details.

Statistical Analysis. See SI Appendix, Table S3 for details of statistical analysis.
Results are presented as means ± SEM.

Data Availability. The authors declare that all data supporting the findings of
this study are available within the paper and SI Appendix. The GEO accession
number for the RNA-Seq data is GSE143854.
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