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Abstract

The habenula is a phylogenetically conserved brain structure in the epithalamus. It is a major node
in the information flow between fronto-limbic brain regions and monoaminergic brainstem nuclei,
thus anatomically and functionally ideally positioned to regulate emotional, motivational and
cognitive behaviors. Consequently, the habenula may be critically important in the
pathophysiology of psychiatric disorders such as addiction and depression. Here we investigated
the expression pattern of GPR151, a G coupled-protein receptor (GPCR), whose mRNA has been
identified as highly and specifically enriched in habenular neurons by in situ hybridization and
Translating Ribosome Affinity Purification (TRAP). In the present immunohistochemical study
we demonstrate a pronounced and highly specific expression of the GPR151 protein in the medial
and lateral habenula of rodent brain. Specific expression was also seen in efferent habenular fibers
projecting to the interpeduncular nucleus, the rostromedial tegmental area, the rhabdoid nucleus,
the mesencephalic raphe nuclei and the dorsal tegmental nucleus. Using confocal microscopy and
quantitative colocalization analysis we found that GPR151 expressing axons and terminals overlap
with cholinergic, substance P-ergic and glutamatergic markers. Virtually identical expression
pattern was observed in rat, mouse and zebrafish brains. Our data demonstrate that GPR151 is
highly conserved, specific for a subdivision of the habenular neurocircuitry, and constitutes a
promising novel target for psychiatric drug development.
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INTRODUCTION

The habenula is an ancient, highly conserved brain structure present throughout the
vertebrate lineage. The habenula is a bilateral diencephalic structure that modulates
brainstem monoaminergic and cholinoreceptive nuclei (Lecourtier and Kelly, 2007; Bianco
and Wilson, 2009). In lower vertebrates (such as fish and amphibians) the habenula is
asymmetric. In contrast, the mammalian habenula shows no lateralization. It is divided in
medial (MHb) and lateral (LHb) nuclei that are readily distinguishable in Nissl preparations.
In addition, as many as 15 subnuclei have been described using ultrastructural,
morphological and cytochemical criteria (Andres et al., 1999; Geisler et al., 2003; Aizawa et
al., 2012; Wagner et al., 2014). The habenula is thus a highly heterogeneous structure, and
this is also reflected by its diverse connectivity. The habenula receives inputs primarily via
the stria medullaris and sends outputs via the fasciculus retroflexus. The MHb receives
afferents from the septum and the diagonal band of Broca and projects to the
interpeduncular nucleus (IPN) (Herkenham and Nauta, 1977; 1979), while the LHb receives
input from large portions of the ventral forebrain, including the lateral preoptic area, lateral
hypothalamus and basal ganglia as well as the serotonergic dorsal raphe and the
dopaminergic ventral tegmental area (VTA) (Herkenham and Nauta, 1977; Sim and Joseph,
1993). In turn, the LHb projects mainly to the VTA, the median and dorsal raphe, and the
recently described rostromedial tegmental nucleus (RMTg) (Herkenham and Nauta, 1979;
Jhou et al., 2009b; Kim, 2009).

The behavioral contributions of the LHb and MHb have traditionally been reported as
segregated, despite the fact that these nuclei are adjacent to each other and that intra-
habenular connectivity has been described (Kim and Chang, 2005). The MHb and its major
target, the IPN, have emerged as key regions in the regulation of nicotine consumption and
withdrawal (Fowler et al., 2011; Frahm et al., 2011; Salas et al., 2009). The MHb shows the
highest concentration of nicotinic acetylcholine receptors (nAChRS) in the brain (90-100%
of the neurons in the MHb express a3, a4, f2, 3 or f4 nAChRs) (Gorlich et al., 2013; Hsu
et al., 2013; Sheffield et al., 2000). Importantly genetic variants in the CHRNA5-CHRNA3-
CHRNB4 gene cluster encoding a5, a3 and 4 nAChR subunits have been linked to nicotine
dependence and smoking related diseases in humans (Berrettini et al., 2008; Bierut et al.,
2008; Lips et al., 2010; Liu JZ et al., 2010; Ware et al., 2011). Functional studies have
shown that a5 and 4 nAChRs in the MHb-IPN pathway regulate nicotine intake and
withdrawal (Fowler et al., 2011, Frahm et al., 2011, Zhao-Shea et al., 2013) and that MHb
neurons display spontaneous phasic activity that is enhanced upon nicotine withdrawal
(Gorlich et al., 2013).

On the other hand the LHb has been shown to play a crucial role in negative reward and
decision-making (Hikosaka, 2010; Stopper and Floresco, 2013). Phasic activation of LHb
neurons occurs during aversive stimulation or when a less-than-expected reward is presented
(Matsumoto and Hikosaka, 2007; 2009). When unexpected negative events occur, activation
of LHb causes inhibition of dopaminergic neurons in the VTA. This inhibition, mediated
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mainly via a GABAergic relay in the RMTg, gives rise to the reward-prediction error
response of VTA neurons (Balcita-Pedicino et al., 2011). LHb neurons also display slow,
tonic responses encoding temporal proximity to future rewards (Bromberg-Martin et al.,
2010). Optogenetic stimulation of excitatory synapses in the LHb, as well as stimulation of
axon terminals of LHb neurons in the RMTg, produce an avoidance response (Shabel et al.,
2012; Stamatakis and Stuber, 2012). Investigations of human brain activity using fMRI have
found increased BOLD responses in the habenula to negative feedback and negative reward
prediction error (Ullsperger and Cramon, 2003; Salas et al., 2010) as well as when cues
associated with painful stimulation are presented (Lawson et al., 2014). Based on these
findings, it has been proposed that the LHb does not merely encode disappointment, but that
it provides information about cost and uncertainty in order to facilitate optimal decision-
making and learning (Stopper and Floresco, 2013).

Both the LHb and MHb show reduced volume in people affected with depression (Ranft et
al., 2010), thus implicating both nuclei in the pathophysiology of this disorder. Serotonergic
neurons in the dorsal raphe, known to be involved in depression, are inhibited by stimulation
of the habenula (Wang and Aghajanian, 1977; Reisine et al., 1982; Park, 1987). In
agreement, increased LHb metabolism and reduced brain serotonin levels have been
observed in several animal models of depression. This effect can be reversed with
antidepressant drugs (Caldecott-Hazard et al., 1988; Shumake and Gonzalez-Lima, 2013) or
lesions of the LHb (Yang et al., 2008). In fact, inactivation of the habenula by deep brain
stimulation has been used in the treatment of major depressive disorder (Sartorius and Henn,
2007; Sartorius et al., 2010). Moreover, neuroimaging studies have identified heightened
habenula activity in depressed patients (Morris et al., 1999; Roiser et al., 2009). However,
determining the specific functional contribution of MHb versus LHb in human in vivo
studies will require higher fMRI resolution than the currently commonly used 7 Tesla
scanners allow for (Viswanath et al., 2013).

One gene that has been found to be highly expressed in both the MHb and the LHb is
GPR151 whose mRNA has been detected by in situ hybridization in the cell bodies of
habenular neurons in the ventral MHb and in sparse neurons of the LHb (Berthold et al.,
2003; Aizawa et al., 2012; Quina et al., 2009). GPR151, also known as PGR7, GALR4,
GPCR-2037 and GALRL, belongs to the A type of G protein-coupled receptor (GPCR) and
shows the highest homology to the galanin receptors 2 and 3 but responds only very weakly
to the neuropeptide galanin (Ignatov et al., 2004). To this date, no endogenous or synthetic
ligand for this receptor has been reported and its function is still largely unknown. The
GPR151 gene is conserved in mammals (~83% identity in human versus rodent and ~89% in
rat versus mouse) and has orthologs in chicken and zebrafish (NCBI HomoloGene). The
zebrafish genome contains two nearly identical copies of the probable gpr151-like gene
(LOC100538082 and LOC565170), which share homology with human GPR151 (54%
DNA sequence identity). While the in situ hybridization mRNA pattern of Gpr151 has been
reported in rodents (Berthold et al., 2003, Aizawa et al., 2012, Quina et al., 2003) and
Translating Ribosome Affinity Purification (TRAP) assay, identified Gpr151 mRNA as
highly and specifically enriched in mouse habenular neurons (Gérlich et al., 2013), no
studies have addressed the localization of the GPR151 receptor protein.
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The present study therefore sought to investigate the protein expression pattern of GPR151
in rats, mice and zebrafish. Given the homologous organization of habenular subnuclei
between mice and rat (Wagner et al., 2014), and the similar habenular neurocircuitry in fish
(Amo et al., 2010), we compared the GPR151 immunoreactivity between these species, to
determine whether GPR151 could be used as a marker for a conserved population of medial
and lateral habenular neurons, that could further facilitate functional studies in all three
model organisms. In order to characterize the GPR151 expressing neurons we used a
combination of markers for known habenular neurotransmitters such as acetylcholing,
substance P and glutamate, as well as markers for dopamine and serotonin to identify
monoaminergic neuronal populations innervated by GPR151 positive projections.

MATERIALS AND METHODS

Animals

Mice and rats were housed with ad libitum access to standard lab chow and water in a room
air conditioned at 22°C-23°C with a standard 12 hr light/dark cycle (lights on 7:00 am, off
7:00 pm), with a maximum of five mice or three rats per cage. GPR151 knockout mice
(GPR151im1Dgen RRID:MGI_MGI:3606630), where a lacZ reporter gene was inserted in
place of the Gpr151 exon, were obtained from Deltagen. They were backcrossed to
C57BL/6J for eight generations. Six wild type C57BL/6J mice (The Jackson Laboratory,
RRID:IMSR_JAX:000664), three Gpr151~/~ mice and six Crl:WI Wistar rats (Charles
River, Germany, RRID:RGD_737929) aged 8-12 weeks were used for experiments and
were perfused between 10am and 2pm.

Fixation of mouse and rat brain tissue

The animals were deeply anesthetized by injecting an overdose of pentobarbital and
perfused transcardially with 100 ml of cold isotonic NaCl solution (0.9%) followed by 200
ml of cold sodium phosphate buffered saline (PBS) containing 4% paraformaldehyde (PFA).
The brains were then dissected and post fixed in 4% PFA for 24 hours at 4°C. A shorter post
fixation time of 2 hours yielded uneven and weak immunostaining, especially in rat tissue.
After post fixation, the brains were immersed in sucrose solution (25% in PBS) at 4°C for
2-3 days until equilibration had occurred (i.e. the brains sank to the bottom of the vial). The
brains were sectioned in 40 pm sections using a sliding microtome (Thermo Scientific
HM450), cryoprotected in antifreeze solution (30% glycerol, 30% ethylene glycol, 40%
0.5M PBS), and stored at —20°C until commencing immunohistochemistry.

Immunohistochemistry of mouse and rat sections

After rinsing in sodium phosphate buffered saline solution (PBS), free-floating brain
sections were blocked in PBS containing normal serum (10% in mouse, 5% in rat) and 0.3%
TritonX-100 for 1 hour. The normal serum matched the species in which the secondary
antibodies were raised. Sections were then incubated overnight at 4°C with primary
antibodies (Table 1) diluted in blocking solution. Subsequently, sections were washed with
PBS and incubated for 2 hours at room temperature with secondary antibodies (Table 2).
Sections were then washed twice for 15 minutes in PBS and counterstained with the nuclear
stain DAPI at 1 ug/ml in PBS for 10 minutes. The sections were then mounted on Superfrost
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Plus glass (Menzel-Gléser, Germany) and coverslipped with ImmuMount™ (Thermo
Scientific).

For visualization of immunoreactivity for light microscopy, brain sections were incubated
with a biotinylated anti-mouse secondary antibody made in horse (Vector Laboratories),
followed by incubation with avidin-biotin-peroxidase complex (diluted 1:125 in PBS)
(VECTASTAIN Elite ABC Kit, Vector Laboratories) and 3,3’-diaminobenzidine (DAB).
Following the DAB reaction, sections were mounted, dehydrated in increasing
concentrations of ethanol followed by xylene and finally coverslipped with DPX (Fisher
Scientific).

The primary antibodies used in the experiment are listed in Table 1. When using VGLUT1
and VGLUT?2 antibodies, TritonX-100 was omitted in order to preserve synaptic
membranes. Heat mediated antigen retrieval, 15 minutes at 95°C in citric acid (pH 6.0), was
performed prior to incubation with the ChAT antibody to enhance immunostaining.

Confocal fluorescent images were acquired with a Zeiss LSM700 confocal microscope.
Brightness and contrast of the images was adjusted with Adobe Photoshop CS6.

Preparation of zebrafish brain tissue

Two adult zebrafish (7 months old, AB strain, RRID:ZIRC_ZL 1) were rapidly chilled in ice
cold water and subsequently immersed in PFA solution (4% in PBS) for 24 hours. The
brains were then dissected and equilibrated in sucrose (20% in PBS). Subsequently, the
brains were incubated in PBS containing 7.5% gelatin and 20% sucrose at 37°C for 2 hours.
The brains were then put in to fresh gelatin-sucrose molds and cut into blocks. The blocks
were cut in 14 pm transverse sections on a cryomicrotome and mounted on Superfrost Plus
glass (Menzel-Glaser, Germany). Immunohistochemistry was performed as for mouse and
rat sections except that incubation with GPR151 antibodies was performed directly on the
glass instead of free-floating. Two polyclonal antibodies (raised in mouse and rabbit) against
human GPR151 were used (described below).

Colocalization analysis

Images that were used for colocalization analysis were acquired with a 63x oil immersion
objective on a Zeiss LSM700 confocal microscope. The detection pinhole was set to 1 Airy
unit in order to maximize signal-to-noise. The channels where captured in sequence to
minimize the risk of bleed-through. The intensity gain was adjusted for each channel before
capture in order to avoid saturated pixels, and the intensity range of the images was left
untouched to preserve linearity. Colocalization analysis was performed with the Coloc 2
plugin in the Fiji image processing package (v. 1.48, RRID:SciRes_000137). Background
was eliminated by median subtraction (Dunn et al., 2011). Manders’ colocalization
coefficients, M1 and M2, which are proportional to the number of colocalizing pixels in
each channel relative to the total number of pixels in that channel were calculated (Manders
etal., 1994). M1 or M2 > 0.55 indicates colocalization (Zinchuk and Grossenbacher-
Zinchuk, 2014). In the present study, only M1 is presented and refers to the proportion of
pixels with Gprl151 immunoreactivity that colocalize with a second marker. Costes’ test for
statistical significance was used to determine that the colocalization coefficients obtained
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where not due to random effects (Costes et. al., 2004). In the test, one channel is scrambled
repeatedly (n=100) and correlated with the other channel, which results in a Costes’ P-value
where P is the proportion of random images that are less correlated than the original. A P-
value > 0.95 indicates statistically significant correlation.

Antibody characterization

The antibodies used in the study are indicated below. Concentrations for optimal signal-to-
noise ratio were determined for each antibody based on literature and serial dilution of the
antibody. In all preparations, some sections were prepared identically except for omitting the
primary antibody in order to ensure that the observed signal was not due to non-specific
binding of the secondary antibody. Working concentrations (for purified antibodies) or
dilutions (for non-purified antibodies) of primary antibodies are provided in Table 1.

1

Rabbit GPR151 polyclonal antibody (SAB4500418, Sigma-Aldrich) is raised
against a synthetic peptide containing amino acids 370-419
(EKEKPSSPSSGKGKTEKAEIPILPDVEQFWHERDTVPSVQDNDPIPWEHEDQE
TGEGVK) of the C-terminal of human GPR151. It recognizes a single band of 46
kDa on western blots of K562 cell lysate. The specificity was confirmed by pre-
adsorption with the immunogen peptide (according to manufacturer’s technical
information). Antibody specificity was in the present study verified using
Gpr151~/~ mice (see below).

Mouse GPR151 polyclonal antibody (SAB1402000, Sigma-Aldrich) is raised
against full-length human GPR151 protein. Western blots of GPR151 transfected
HEK?293T lysate shows a band at ~46 kDa, which was not present in lysate of non-
transfected cells (according to manufacturer’s technical information). This antibody
produce the same pattern of staining as the rabbit anti GPR151 polyclonal and is
discussed below.

Rabbit VGLUT1 polyclonal antibody (135 303, Synaptic Systems) is generated
against Strep-Tag® fusion protein of rat VGLUTL, containing amino acid residues
456-560 (TLSGMVCPIIVGAMT). The antibody is affinity purified using the
immunogen. Immunoreactivity in brain sections was abolished by pre-adsorption
with the immunogen (Zhou et al., 2007). Western blot of lysate of cerebellum and
cochlear nucleus in guinea pig detects a band at ~60 kDa. The molecular weight
corresponds to what has previously been reported for the VGLUT1 protein
(Takamori et al., 2000). No staining was observed in VGLUT1~~ mice (Wojcik et
al., 2004).

Guinea pig VGLUT1 polyclonal antibody (135 304, Synaptic Systems) is generated
against a purified recombinant protein of rat VGLUT 1, containing amino acid
residues 456-560 (TLSGMVCPIIVGAMT). The antibody recognizes one major
broad band of the expected molecular weight (50-60 kDa) on western blots of a
synaptic vesicle fraction of rat brain (LP2) and immunostaining is absent in
VGLUT1™~ mice (according to the manufacturer). The antibody has been shown to
produce an identical immunostaining pattern as the rabbit VGLUT1 polyclonal
antibody in rat striatum and cortex (Wouterlood et al., 2012).
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Rabbit VGLUT2 polyclonal antibody (135 403, Synaptic Systems) is raised against
Strep-Tag® fusion protein of rat VGLUT2, containing amino acid residues 510—
582
(EKQPWADPEETSEEKCGFIHEDELDEETGDITQNYINYGTTKSYGATSQENGG
WPNGEKKEEFVQESAQDAYSYKDRDDYS). Selective immunoreactivity in brain
sections has been demonstrated by pre-adsorption with the immunogen (Zhou et al.,
2007). Western blot of lysate of cerebellum and cochlear nucleus detects a band at
~65 kDa which corresponds to previous reports (Takamori et al., 2001).

Guinea pig VGLUT2 polyclonal antibody (135 404, Synaptic Systems) is generated
against a purified recombinant protein of rat VGLUT2, containing amino acid
residues 510-582
(EKQPWADPEETSEEKCGFIHEDELDEETGDITQNYINYGTTKSYGATSQENGG
WPNGEKKEEFVQESAQDAYSYKDRDDYS). The antibody recognizes one major
broad band of the expected molecular weight (65 kDa) on western blots of a
synaptic vesicle fraction of rat brain and immunostaining was abolished by pre-
adsorption with the immunogen (according to the manufacturer). No cross-
reactivity against VGLUT1 or VGLUT3 was observed.

Goat choline acetyltransferase (ChAT) polyclonal antibody (AB144P, Millipore) is
raised against human placental choline acetyltransferase enzyme. The antibody
recognizes a single band of 68—70 kDa on western blots of mouse brain (according
to the manufacturer). This antibody has previously been used to investigate the
expression of ChAT in the rat habenula (Aizawa et al., 2012) and yields the same
pattern of expression as other ChAT antibodies (Contestabile et al., 1987).

Mouse neurofilament H monoclonal antibody (SMI-32R, clone SMI-32, Covance)
is raised against homogenized hypothalami from Fischer 344 rat brain (Sternberger
et al., 1982). This antibody recognizes a non-phosphorylated epitope on the
neurofilament heavy polypeptide in human and monkey brain lysate (Campbell and
Morrison, 1989). The antibody has previously been used to differentiate between
different subnuclei in the rat and mouse LHb (Geisler et al., 2003; Wagner et al.,
2014).

Mouse monoclonal tyrosine hydroxylase (TH) antibody (T1299, clone TH-2,
Sigma-Aldrich) is derived from a hybridoma produced by the fusion of mouse
myeloma cells and splenocytes from a mouse immunized against whole-rat TH
protein (Haycock et al., 1993). The antibody recognizes an epitope (amino acids 9-
16) present in the N-terminal region of both rodent (~60 kDa) and human (62-68
kDa) TH (Haycock et al., 1993). Its specificity for dopaminergic neurons was
demonstrated by the topographic distribution of immunoreactive TH cell bodies
and axon terminals in different brain regions and by their near total disappearance
from mesencephalon and striatum after neonatal 6-OHDA lesion (Bérubé-Carriére
etal., 2009).

Mouse tryptophan hydroxylase (TPH) monoclonal antibody (T0678, clone WH-3,
Sigma-Aldrich) is raised against recombinant rabbit TPH. The antibody detects a
band at 55 kDa on western blot of rabbit pineal gland (according to the
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manufacturer). The pattern of immunoreactive cells marked by this antibody
corresponded well to known serotonergic nuclei and has been used extensively as a
marker of serotonergic neurons (Liu and Wong-Riley, 2010; Sevigny et al., 2012).

Sheep TPH polyclonal antibody (AB1541, Chemicon) is raised against a
recombinant rabbit TPH, isolated as inclusion bodies from E. coli and purified by
preparative SDS-PAGE. It recognizes a major band of 55 kDa molecular weight on
western blot from rat dorsal raphe that corresponds to TPH; a less intense band can
be observed at 62-65 kDa, indicating a partial cross-reactivity with TH (Chemicon
datasheet). The cross-reactivity with TH did not affect our conclusions since we
used the antibody only to localize the TPH-positive cell bodies present in the raphe
nuclei. The antibody produces an identical pattern of staining as the mouse TPH
monoclonal antibody and has previously been used to identify TPH expressing
neurons in the raphe nuclei (Kaufling et al., 2009).

Rabbit substance P polyclonal antibody (20064, Immunostar) is raised against
synthetic substance P coupled to keyhole limpet hemocyanin with carbodiimide.
Immunolabeling was significant in rat dorsal horn and substantia nigra (according
to the manufacturer). Pre-adsorption with substance P (10ug/ml) completely
abolishes immunolabeling while incubation with neurokinin A, neurokinin B,
somatostatin or neuropeptide K did not affect immunolabeling (manufacturer’s
specification; Weissner et al., 2006).

Rat substance P monoclonal antibody (sc-21715, Santa Cruz) is raised against
eight-amino acids of the COOH-terminal fragment of substance P (NC1/34HL).
The antibody does not cross react with -endorphin, somatostatin, leu-enkephalin,
or met-enkephalin. The specificity was verified by pre-adsorption with synthetic
substance P (220ug/ml) (Cuello et al., 1979).

Chicken B-galactosidase polyclonal antibody (AB9361, Abcam) is raised against
the purified full length native Escherichia coli (E. coli) protein and immunoaffinity
purified using purified -galactosidase immobilized on a solid phase. The antibody
specificity was confirmed by the absence of staining in wild-type animals.

Comparable expression of GPR151 in habenular axonal projections in rat and mouse brain

To begin to assess the expression pattern of GPR151 we analyzed serial brain section of
mouse and rat using two different antibodies against GPR151. Both antibodies yielded
robust and comparable immunoreactivity in habenular axons, and no signal was detected in
brain sections of Gpr151~/~ mice (Fig. 1 A1-J1) confirming the antibody specificity.
GPR151 immunoreactivity was detected in axonal fibers originating in the habenula (Fig. 1
A,B), continuing through the fasciculus retroflexus (FR) (Fig. 1 C,D) and contacting the IPN
(Fig. 1 E,F). Caudal to the IPN, GPR151 immunoreactive fibers continued in a dorsocaudal
direction through the RMTg (Fig. 1 F,G), rhabdoid nucleus (Fig. 1 G,H), median and
paramedian raphe (Fig. 1G,H) and dorsal raphe nucleus (Fig. 1 1,J). Comparative analyses of
mouse and rat brains at similar section planes revealed a strikingly high similarity in the
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pattern of GPR151-immunoreactive neuronal projections between mouse (Fig. 1 A-J) and
rat (Fig. 1 A2-J2)

Conserved GPR151 immunoreactivity in the habenular circuitry of zebrafish

Interestingly the human GPR151 gene shows 54% identity with two loci in the zebrafish
genome that may encode two probable Gpr151-like receptors, which only differ between
each other in one amino acid residue (NCBI HomoloGene). These two loci LOC100538082
and LOC565170 are in very close proximity to each other in chromosome 14 of D. rerio
adjacent to two genes (tcergl and ppp2r2), which are also neighboring GPR151 in
chromosome 5 in the human genome. This raises the possibility that the genomic locus
containing GPR151 has been preserved during evolution but that one copy of the probable
Gpr151-like receptor gene in zebrafish has been lost in higher vertebrates.

We wanted to test whether antibodies raised against the human GPR151 protein could
recognize the zebrafish putative Gprl151-like receptor, which shows 45% identity at the
protein level. As shown in figure 2, a remarkably similar and selective immunoreactivity for
habenular circuitry as found in rat and mouse brain was also seen in the zebrafish with
strong expression in axonal projections originating in the habenula (Fig. 2A), and coursing
via the FR (Fig. 2B) to the IPN (Fig. 2C) and ventral median raphe (Fig. 2D). Double
immunofluorescence staining using rabbit and mouse polyclonal antibodies resulted in
completely overlapping labeling (data not shown). Tracing and immunostaining studies in
zebrafish have determined that the dorsal habenula is asymmetric, projects to the IPN and
corresponds to the MHb of mammals, while the ventral habenula is homologous to the LHb
in mammals, projects to the median raphe and is not lateralized (Amo et al., 2010). Thus,
consistent with GPR151 expression in MHb and LHb projections in rodents, Gprl51 is
present in the homologous habenular axonal projections to the IPN and raphe in zebrafish.
Dense immunoreactivity was observed in fibers in the dorsal habenula while the ventral
habenula was only very sparsely labeled. This pattern was also reflected in the strong
Gpril51 positive innervation of the interpeduncular nucleus, while only a few axon terminals
were observed in the ventral median raphe (Fig. 2). Altogether, these results show that the
protein expression pattern of GPR151 is highly conserved.

Expression of GPR151 in habenular subnuclei

We next examined in detail the expression of GPR151 in the habenula. To this end we
compared the GPR151 immunoreactivity to the lacZ reporter signal in Gpr151~/~ mice (Fig.
3A) and to different markers that have been employed to subdivide the habenular subnuclei
in mouse and rat (Fig. 3B-U). The MHDb can be subdivided in a ventral (vMHb) and a dorsal
(dMHDb) part. Neurons in the dMHb express substance P (SP) (Contestabile et al., 1987;
Cuello et al., 1978) and project to the rostral and lateral subnuclei of the IPN (Contestabile
et al., 1987). Neurons in the vMHDb express the ACh synthesizing enzyme choline
acetyltransferase (ChAT) (Aizawa et al., 2012) and project to the central and intermediate
subnuclei of IPN (Contestabile et al., 1987). In the MHb, GPR151 was detected in the
cholinergic vMHDb (Fig. 3C-E, M-0), but not in the SP expressing dMHb (Fig. 3B, F-H, P-
R). In Gpr151~/~ mice, where the bacterial lacZ reporter gene is expressed under the control
of the Gpr151 gene regulatory sequences, pGal immunoreactivity was confined to habenular
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cell bodies (Fig. 3A). In the MHb pGal-positive cells were only detected in vMHD,
consistent with in situ hybridization reports for Gpr151 mRNA (Aizawa et al., 2012).

In addition GPR151 was also present in the LHb. To evaluate the localization of GPR151
within subnuclei of the LHb, we used the delineation of habenular subdivisions in rat and
mouse proposed by Wagner and colleagues (Wagner et al., 2014). The LHb is composed of
a medial and a lateral subregion. The medial LHb is further subdivided into the superior
(LHbMS), parvocellular (LHbMPc), central (LHbMC), marginal (LHbMMg) subnuclei
(Fig. 3A,B,L). The lateral LHb is subdivided into the parvocellular (LHbLPc),
magnocellular (LHbLMc), oval (LHbLO), basal (LHbLB), and marginal (LHbLMg)
subnuclei (Fig. 3A,B,L). Consistent with the previously reported expression of Gpri51
mRNA (Aizawa et al., 2012), BGal-positive cells in Gpri51~/~ mice were scattered
throughout the LHb with a tendency for a more marked expression in the dorsal part
(containing the LHbMS and LHbLPc) (Fig. 3A). In addition, given that neurofilament H
(NF-H) has been used as a marker to delineate the LHb subnuclei of rat and mouse brain
sections (Geisler et al., 2003; Wagner et al., 2014), we performed colabeling of GPR151 and
NF-H. As observed in figure 3, LHbMPc and LHbMC are completely devoid of NF-H
immunoreactivity. In contrast, GPR151 immunoreactivity is strongly expressed in these
subnuclei (Fig. 31-K, L, S-U).

GPR151 expression in habenular efferents projecting to the IPN and not the VTA

Given that Gpr151 mRNA and fGal reporter expression is highly concentrated in the MHb
(Fig 3A; Gorlich et al., 2013) and that the major output of the MHb is the IPN, we next
investigated the expression of GPR151 in habenular axons that innervate the IPN. GPR151
expression was extremely prominent in the rostral (IPR), dorsomedial (IPDM), dorsolateral
(IPDL) and apical subnuclei (IPA) but immunoreactivity in the central (IPC), intermediate
(IP1) and lateral IPN (IPL) was also observed (Fig. 4,5,6). It has been shown that the
vesicular glutamate transporter VGLUT1 is expressed in MHb neurons but not in LHb
neurons (Aizawa et al., 2012) and that within the MHb, cholinergic neurons in the ventral
part co-release ACh and glutamate (Ren et al., 2011). Therefore we performed double
staining of GPR151 with ChAT (Fig. 4A-H) and VGLUT1 (Fig. 41-P) antibodies to
evaluate whether GPR151 is specifically expressed in cholinergic and/or glutamatergic
terminals. In order to quantify the degree of overlap we calculated Manders’ colocalization
coefficient. The statistical significance of this colocalization was given by the Costes’ P-
value. Colocalization between GPR151 and VGLUT1 was statistically significant (mouse,
P=1.0; rat, P=1.0) and moderately overlapping (Fig. 41-P; mouse M1=0.71; rat M1=0.88). A
significant and more pronounced colocalization of GPR151 and ChAT was observed in the
rostral subnucleus and in the dorsal part of the central subnucleus (Fig. 4A-H; mouse
M1=0.83, P=1.0; rat M1=0.99, P=1.0). These results indicate that a major proportion of
GPR151 habenular fibers projecting to the IPN are glutamatergic and that a high number are
cholinergic. Possibly, those GPR151-fibers are both glutamatergic and cholinergic (Ren et
al., 2011).

The VTA is adjacent to the IPN and innervated by LHb (Herkenham and Nauta, 1979). To
evaluate whether GPR151 positive axonal fibers innervate this region, we performed
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immunostaining for the dopaminergic marker tyrosine hydroxylase (TH). This marker
delineates the sharp boundary between the IPN and the VTA (Fig. 5B,E). Colabeling with
GPR151 and TH in mouse and rat brain section clearly show that LHb neurons that express
GPR151 do not terminate in the VTA region (Fig. 5A-F).

GPR151 expression in habenular neurons projecting to the RMTg and rhabdoid nucleus

In addition to the VTA, the LHb has been shown to project to forebrain areas including the
ventrolateral septum and the substantia innominata, to midbrain areas including the RMTg,
to the median and dorsal raphe nuclei and to hindbrain areas, including the laterodorsal and
dorsal tegmental nucleus, the locus coeruleus (Herkenham and Nauta, 1979; Jhou et al.,
2009b; Lecourtier and Kelly, 2007) and the nucleus incertus (Goto et al., 2001; Olucha-
Bordonau et al., 2003). We analyzed sagittal sections including forebrain, midbrain and
hindbrain regions and detected habenular GPR151 fibers continuing caudally through the
IPN, via the rhabdoid nucleus reaching mesencephalic raphe nuclei and the dorsal tegmental
nucleus (Fig. 6). However, no immunoreactivity was observed in the forebrain, indicating
that GPR151 positive neurons of the habenula do not project to forebrain areas. The
rhabdoid nucleus is a bilateral structure extending from the IPN to the dorsal raphe nucleus
and the dorsal tegmentum (Fig. 6). To examine whether GPR151 immunoreactive
projections in the rhabdoid nucleus originated from glutamatergic LHb neurons, we
performed double immunolabeling of GPR151 and VGLUT2 (Fig. 7A-J). A statistically
significant colocalization of GPR151 and VGLUT2 was observed in the rhabdoid nucleus
(Fig. 7A-J; mouse M1=0.82, P=1.0; rat M1=0.59, P=1.0). This finding supports that at least
part of the GPR151 positive neurons may be glutamatergic. Since previous studies have
demonstrated dense SP immunoreactivity in the rhabdoid nucleus (Paxinos, 2004), we next
carried out GPR151 and SP double immunofluorescence stainings. Even though partial
colocalization of SP and GPR151 in the rhabdoid nucleus was revealed (Fig. 7K-T; mouse
M1=0.65, P=1.0; rat M1=0.84, P=1.0), we cannot conclude whether GPR151 projections
from the LHb are also SP-ergic or whether GPR151 projections from LHb are travelling
together with SP fibers originating elsewhere.

Furthermore, the LHb has been shown to send glutamatergic projections to the RMTg which
acts as an inhibitory center of the midbrain dopaminergic cells (Balcita-Pedicino et al., 2011,
Ferreira et al., 2008; Geisler and Zahm, 2005; Jhou et al., 2009a). The RMTg, also known as
the tail of the VTA, extends from the caudal pole of the VTA into the mesopontine
tegmentum (Jhou et al., 2009a,b; Bourdy and Barrot, 2012). GPR151 immunofluorescence
staining on mouse and rat coronal sections showed heavy GPR151 expression in RMTg
(Fig. 8). Since most LHb neurons are glutamatergic and known to express the vesicular
glutamate transporter 2 (VGLUTZ2) (Aizawa et al., 2012), we performed double labeling for
this transporter and GPR151. Colocalization was indeed observed in terminals located in the
RMTg (Fig. 8; mouse M1=0.72, P=1.0; rat M1=0.62, P=1.0), indicating the existence of
glutamatergic GPR151 positive neurons projecting from the LHb to the RMTg.
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GPR151 immunoreactive projections to the mesencephalic raphe nuclei and the dorsal
tegmental nucleus

We next analyzed GPR151 immunoreactive projections to the mesencephalic raphe nuclei.
Results from previous anterograde tracing studies targeting the LHb show labeling at the
median, paramedian and dorsal raphe nucleus (Gongalves et al., 2012; Kim, 2009; Sego et
al., 2014). In agreement with these studies, we observed GPR151 positive fibers
(presumably originating in the LHb) in the median, paramedian and dorsal raphe (Fig. 6 and
9).

GPR151 immunostaining in coronal rat and mouse brain sections at the level of the dorsal
raphe showed GPR151 expression particularly in the interfascicular and caudal subnucleus
(Fig. 9). Some GPR151 positive fibers appear to make contact with serotonergic neurons
positive for the tryptophan hydroxylase (TPH) serotonergic marker (Fig. 9D-F,J-L, arrows),
suggesting that LHb GPR151 expressing neurons may be implicated in dorsal raphe
functions such as motivation and reward seeking.

In addition to GPR151 expression in the dorsal raphe, we also observed sparse GPR151
immunoreactivity in the dorsal tegmental nucleus in both sagittal (Fig. 6) and coronal rodent
brain sections (Fig. 9A—C,G-I). Projections from LHb to the dorsal tegmental nucleus have
been previously documented (Liu et al., 1984; Kim, 2009).

DISCUSSION

In the present study we investigated the anatomical and subcellular protein localization of
the G protein-coupled receptor GPR151 in the brain of mammals and fish. We show that this
receptor marks a specific and conserved subset of habenular axonal projections in
vertebrates. GPR151 is not expressed in the soma of habenular neurons, but in their axonal
projections. GPR151 immunoreactivity in selective habenular axonal projections and
colocalization with neurotransmitter marker proteins, establish that GPR151 positive
neurons in habenula project to the IPN, the RMTg, the rhabdoid nucleus, the mesencephalic
raphe nuclei and the dorsal tegmentum (Fig. 10). Below we discuss the conservation of
habenular nuclei in mouse and rat evidenced by GPR151 topographic distribution, and the
specific axonal projections to discrete nuclei in the midbrain.

GPR151 immunaoreactivity highlights the conservation of habenula subnuclear

architecture

In the present study, we investigated the expression of GPR151 by immunohistochemical
analysis of rat and mouse brain sections and confirmed the specificity of the antibodies
using Gpr151~/~ mice. Consistent with Gpr151 mRNA expression (Aizawa et al., 2012) we
observed immuno fGal staining in Gpr151~/~ mice containing the lacZ reporter in the
ventral MHb and scattered throughout the LHb with a marked expression in LHbMS (Fig.
3A).

We found that GPR151 immunoreactivity is not localized to neuronal cell bodies, but to
their axonal projections. Within the habenula, GPR151 positive neurites are especially
enriched in the parvocellular subnucleus LHbMPc (Fig. 3), a subnucleus in the LHb reliably
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detected because it is largely devoid of neurofilament-H (NF-H) both in rat and mouse. Nissl
staining of this area shows densely packed small neurons in agreement with its designation
as the parvocellular subnucleus (Wagner et al., 2014). Interestingly this subnucleus has very
weak Gpr151 in situ hybridization signal (Aizawa et al., 2012) and lacks pGal
immunoreactivity in Gpri51~/~ mice (Fig. 3A), indicating that cell bodies in the LHbMPc
do not express the GPR151 protein. However, it is remarkable that LHbMPc is transversed
by very few fibers positive for NF-H and Kir2.3 which both label dense fiber complexes in
other habenula subnuclei (Geisler et al., 2003; Wagner et al., 2014). Kir2.3 channel subunits
are expressed in dendrites in many types of neurons (Inanobe et al., 2002), while NF-H is
abundant in large dendritic trees (Kong et al., 1998) but also expressed in axons (Marszalek
et al., 1996). Given the dense network of GPR151-positive fibers in the LHbMPc, and the
lack of Kir2.3 and NF-H in this subnucleus, it is tempting to speculate that these fibers are
indeed habenular axons converging at this site and continuing through the FR to target areas
in the brainstem. Although topographically organized commissural projections from the
LHb to the contralateral LHb have been described (Kim, 2009), these do not seem to project
to the LHbMPc but to more central and lateral LHb subnuclei. In conclusion, GPR151 is a
valuable marker to identify and correlate several subnuclei in rat and mice habenula
including the cholinergic ventral medial habenula and the conspicuous LHbMPc.

Habenular GPR151 positive projections to the IPN

While it is established that the major input to the IPN originates in the MHb and that these
projections are organized in a dorso-ventral to latero-central topographic manner (i.e.
substance P projections from the dorsal MHb to the IPL and cholinergic projections from the
ventral MHb to the IPC), it has been controversial and much more difficult to visualize
whether the lateral habenula also sends projections to the IPN (Kim, 2009). In the present
study we detected very intense GPR151 immunoreactivity in habenular axons terminating in
the IPN. In the IPC, GPR151 immunoreactivity colocalized with ChAT and the
glutamatergic marker VGLUTL (Fig. 4). This is consistent with the fact that GPR151 is
highly enriched in cholinergic neurons located in the ventral medial habenula (Gérlich et al.,
2013; Aizawa et al., 2012; Fig. 3) that project mainly to the IPC and co-release glutamate
(Ren et al., 2011). However GPR151 was also present in non-cholinergic habenular
terminals in the IPL (Fig. 4A,E), which is mostly innervated by substance P projections form
the dorsal MHb. Since GPR151 is not expressed in the dorsal MHb (Fig. 3), these results
indicate that the GPR151 positive projections that we detect in the IPL might in fact
originate from the lateral habenula. Such projections to the IPL have been visualized using
anterograde tracers injected in the central and medial subregions of the lateral habenula
(Kim, 2009).

This is interesting as it indicates that GPR151-positive projections from both the lateral and
medial habenula terminate in the IPN. Given that the cholinergic MHb-IPN circuit has
emerged as key pathway in the regulation of nicotine reinforcement, dependence and
withdrawal (Fowler et al., 2011; Frahm et al., 2011; Glick et al., 2011; Salas et al., 2009), it
is tempting to hypothesize that GPR151 modulates nicotine-mediated behaviors.
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Habenular GPR151 positive projections to the RMTg

The LHb has been shown to project predominantly to the substantia nigra, VTA, raphe
nuclei (Herkenham and Nauta, 1979) and RMTg (Gongalves et al., 2012; Jhou et al., 2009b;
Kaufling et al., 2009). Interestingly we did not observe GPR151 staining in the substantia
nigra or in the VTA (Fig. 5), indicating that GPR151 is not expressed in the subpopulation
of LHb neurons that directly innervate these dopaminergic areas. However we detected
strong immunoreactivity in the RMTg (Fig. 8) and since the RMTg acts as an inhibitory
center of the substantia nigra and VTA (Balcita-Pedicino et al., 2011; Ferreira et al., 2008;
Geisler and Zahm, 2005; Jhou et al., 2009a), it is possible that GPR151 positive habenular
efferents to the RMTg indirectly modulate dopaminergic neurons in the midbrain, and
thereby the motivational aspects of reinforcement learning and decision-making. In fact,
specific (diphtheria toxin-mediated) ablation of neurons expressing Gpr151 caused a broad
range of cognitive deficits, including delay and effort aversion in a decision-making test
(Kobayashi et al., 2013). RMTg neurons also project to the dorsal raphe where they
terminate mainly on glutamatergic neurons (Lavezzi et al., 2011; Sego et al., 2014). Further
studies are needed to determine if the neurons in the RMTg innervated by GPR151
habenular axons, preferentially target VTA, substantia nigra or the dorsal raphe.

Habenular GPR151 positive projections to the rhabdoid nucleus

In addition we observed strong GPR151 immunolabeling in the rhabdoid nucleus (Figure 6—
8). The rhabdoid nucleus is a bilateral structure dorsal to the median raphe nucleus that
stretches from the IPN to the dorsal raphe nucleus (Fig. 6), and is readily visible in
acetylcholine esterase histochemical preparations (Paxinos and Watson, 2006). The nucleus
has previously been reported to exhibit rich substance P immunoreactivity (Paxinos, 2004),
which was confirmed in our study (Fig. 7). Projections from habenula to the rhabdoid
nucleus have not previously been described. In fact, the connectivity and function of the
rhabdoid nucleus is poorly understood. One study showed substance P containing axons that
appeared to originate from the dorsal rhabdoid nucleus and terminate primarily on dendrites
of serotonergic neurons (Lacoste et al., 2009). Bilateral lesioning of the habenula abolished
substance P immunoreactivity in this region. Habenular lesions also decreased the
concentration of substance P in the dorsal raphe (Neckers et al., 1979; Vincent et al., 1980).
Given that substance P has been reported to have both excitatory and inhibitory effects on
neurons in the dorsal raphe (Valentino et al., 2003), and that these terminals coexpress
GPR151, it could be hypothesized that GPR151 regulates substance P neurotransmission in
the dorsal raphe and thereby modulating serotonergic neuronal activity. The origin of the
substance P in the rhabdoid nucleus, is not clear. We detected substance P neurons in the
dorsal MHb, but this region is devoid of Gpr151 expressing neurons (Fig. 3A; Aizawa et al.,
2012). However, we also observed substance P immunoreactivity in neurons of the medial
part of the LHb which show scattered expression of Gpr151 (Fig. 3A). Further studies at
electronmicroscopic level are needed to clarify the details of substance P and GPR151
expression in the rhabdoid nucleus. Nonetheless the studies presented here demonstrate that
GPR151 can be used as a marker to localize the rhabdoid nucleus, which could facilitate
further studies to gain insight into the biological role of this brain area.
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GPR151 habenular projections to brainstem serotonergic nuclei

We also detected GPR151 positive fibers in the serotonergic median, paramedian and dorsal
raphe nuclei (Fig. 9). Both indirect and direct habenular projections to serotonergic neurons
in the dorsal raphe have previously been reported. In the present study, we observed
GPR151 positive fibers making contact to serotonergic neurons in the dorsal raphe (Fig. 9,
arrows). Electrical stimulation of the LHb decreases serotonin release in the caudate nucleus
and substantia nigra, an effect that could be blocked by infusion of the GABA receptor
antagonist picrotoxin in the dorsal raphe (Reisine et al., 1982). Stimulation of the LHb also
modulates serotonin release in the hippocampus, mediated through both direct and indirect
projections to the dorsal raphe (Ferraro et al., 1997). The presence of GPR151 in axonal
terminals innervating serotonergic neurons, raises the possibility that GPR151 could
modulate serotonin release, which in turn would have implications for pain, stress, sleep and
depressive-like behavior.

GPR151 habenular projections to the dorsal tegmental nucleus

Finally, we observed GPR151 immunoreactive axons projecting to the dorsal tegmental
nucleus, mainly to the central part (DTgC) (Fig. 6 and 9). This is in agreement with previous
reports describing the projections from LHb to the dorsal tegmental nucleus (Liu et al.,
1984). The dorsal tegmental nucleus contains cells that signal the animal’s momentary
directional heading and thus it is thought to be involved in navigation. Moreover, Sharp et
al. reported that activity of 10% of the LHb neurons correlated with angular head motion
(Sharp et al., 2006). In summary, GPR151 may possibly modulate these functions controlled
by the dorsal tegmental nucleus.

CONCLUDING REMARKS

In summary, GPR151 expression in the rat, mouse and zebrafish brain is restricted to
habenular neurons projecting to the IPN, RMTg, rhabdoid nucleus, mesencephalic raphe
nuclei and dorsal tegmental nucleus. The medial and lateral habenula have traditionally been
considered as functionally segregated. However GPR151 expression in both habenular
subdivisions raises the possibility that GPR151 projection targets may constitute a functional
system. Through modulation of cholinergic, serotonergic and peptidergic neuronal circuits
in the brainstem, GPR151 may coordinate functions related to addiction, reinforcement
learning, decision-making, pain processing and depression. For instance, can addiction be
considered an impairment in decision-making, or is withdrawal a form of unexpected
negative reward, and how can these behaviors relate to pain processing and depression?
Altogether, the fact that GPR151 is highly conserved from lower vertebrates to mammals,
including humans (Hawrylycz et al., 2012), and that it belongs to the highly druggable Class
A of GPCRs, makes it a potential target for novel treatment modalities for common and
devastating psychiatric maladies such as mood disorders and drug dependence.
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Glossary

3V

av

CLi
dIPN
dMHb
DRC
DRD
DRI
DRV
DTg
DTgC
DTgP
FR

IPA

IPC
IPDL
IPDM
IPI

IPL

IPN

IPR
IPRL
LDTg
LHb
LHbLB
LHbLMc
LHbLMg
LHbLO
LHbLPc

Third ventricle

Fourth ventricle

Central linear nucleus of the raphe

Dorsal part of the interpeduncular nucleus
Dorsal part of the medial habenula

Caudal part of the dorsal raphe

Dorsal part of the dorsal raphe

Interfascicular part of the dorsal raphe

Ventral part of the dorsal raphe

Dorsal tegmental nucleus

Central part of the dorsal tegmental nucleus
Pericent part of the dorsal tegmental nucleus
Fasciculus retroflexus

Apical part of the interpeduncular nucleus
Central part of the interpeduncular nucleus
Dorsolateral part of the interpeduncular nucleus
Dorsomedial part of the interpeduncular nucleus
Intermediate part of the interpeduncular nucleus
Lateral part of the interpeduncular nucleus
Interpeduncular nucleus

Rostral part of the interpeduncular nucleus
Rostrolateral part of the interpeduncular nucleus
Laterodorsal tegmental nucleus

Lateral habenula

Basal subnucleus of the lateral part of the LHb
Magnocellular subnucleus of the lateral part of the LHb
Marginal subnucleus of the lateral part of the LHb
Oval subnucleus of the lateral part of the LHb

Parvocellular subnucleus of the lateral part of the LHb
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LHbMC
LHbMMg
LHbMPc
LHbMS
MHb
mif

MnR
PDTg
PMnR
Rbd
RMTg
scp

VvIPN
VMHD
VTA
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Central subnucleus of the medial part of the LHb
Marginal subnucleus of the medial part of the LHb
Parvocellular subnucleus of the medial part of the LHb
Superior subnucleus of the medial part of the LHb
Medial habenula

Medial longitudinal fasciculus

Median raphe nucleus

Posterodorsal tegmental nucleus

Paramedian raphe nucleus

Rhabdoid nucleus

Rostromedial tegmental nucleus

Superior cerebellar peduncle

Ventral part of the interpeduncular nucleus
Ventral part of the medial habenula

Ventral tegmental area
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Figure 1. GPR151 islocalized in habenular axonal projectionsin rat and mouse brain
Coronal brain sections of wildtype mouse (A-J) and rat (A2-J2) showing restricted

expression of GPR151 in habenula (A-B, A2-B2), fasciculus retroflexus (C-D, C2-D2),
interpeduncular nucleus (E-F, E2-F2), rostromedial tegmental nucleus (F-G, F2-G2),
median and paramedian raphe (F-H, F2—H2), rhabdoid nucleus (F-H, F2—H2) and dorsal
raphe (1-J, 12-J2). GPR151 immunoreactivity is completely absent in Gpr151~/~ mice (Al-
J1). Scale bar: 500 um in A-J, 1000um in A2-J2.
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Figure 2. GPR151 is expressed in the habenular circuitry of zebrafish
Immunohistochemistry of coronal brain sections of adult zebrafish using a rabbit polyclonal

antibody against human GPR151 yielded selective labeling of habenular axons projecting
from the habenula (A), through the FR (B) to the dIPN and vIPN (C) as well as to the
ventral median raphe (D). DAPI nuclear stain is shown in blue. Scale bar: 50um.
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Figure 3. GPR151 labels specific subpopulations of medial and lateral habenula neurons
A: Coronal section of the habenula of Gpr151~/~ mice showing immunostaining for the f-

galactosidase reporter contained in the Gpr151 gene deletion vector employed to generate
Gpri151~/~ mice. B-galactosidase positive cells are located mainly in the vMHb and the
dorsal part of the LHb. B-K: Coronal sections of the wildtype mouse habenula showing
immunostaining for GPR151 (magenta in B,C,E,F,H,I,K) relative to the immunostaining for
acetylcholine transferase (ChAT, green in D,E), substance P (SP, green in B,G,H) and
neurofilament-H (NF-H, green in J,K). L-U: Coronal sections of rat mouse habenula
showing immunostaining for GPR151 (magenta in L,M,0O,P,R,S,U) relative to the
immunostaining for ChAT (green in N,O), SP (green in Q,R) and NF-H (green in L,T,U). In
the LHb, GPR151 is mainly expressed in the LHbMPc and LHbMC subnuclei. In the MHb,
GPR151 is expressed in the cholinergic vMHDb, but not in the SP expressing dMHb. Scale
bar: 100 um.
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Figure 4. GPR151 immunoreactive habenular neurons project to the interpeduncular nucleus
Coronal sections of the interpeduncular nucleus of mouse (A-D, I-L) and rat (E-H, M-P)

showing immunostaining for GPR151 (magenta in A,C,D,E,G,H,I,K,L,M,O,P) relative to
the immunostaining for acetylcholine transferase (ChAT, green in B-D, F—H) and vesicular
glutamate transporter 1 (VGLUTL, green in J-L,N-P). Colocalization of GPR151 and ChAT
and GPR151 and VGLUT1 is observed in the rostral and central part of the IPN. Scale bar:
100 pm. D,H,L,P are higher magnifications of the boxed areas in the inset of each panel.
DAPI nuclear stain is shown in blue. Scale bar: 10 pm.
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Figure 5. GPR151 habenular neuronsdo not project to the ventral tegmental area
Coronal sections of mouse (A-C) and rat (D-F) in the IPN and ventral tegmental area

showing immunostaining for GPR151 (magenta in A,C,D,F) relative to the immunostaining
for tyrosine hydroxylase (TH, green in B-C,E-F). GPR151 immunostaining is observed in
the IPN but not in the ventral tegmental area. Scale bar: 100 pm.
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Figure 6. GPR151 habenular neurons project to the I PN, dor sal tegmental nucleus and
mesencephalic raphe nuclei
Sagittal sections of mouse (A-B) and rat (C-D) in the midbrain and pons showing GPR151

immunostaining (magenta in A-D) relative to the immunostaining for tryptophan
hydroxylase (TPH, green in A,C,D) or ChAT (green in B). GPR151 habenular neurons
project to the IPN, the rhabdoid nucleus, the dorsal tegmental nucleus and the mesencephalic
raphe nuclei. ChAT immunostaining is observed in the IPN and the oculomotor nucleus.
TPH immunostaining labels the serotonergic neurons in the mesencephalic raphe nuclei.
Scale bar: 100pm.
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Figure 7. GPR151, substance P and VGLUT2 expression in the rhabdoid nucleus
Coronal sections of mouse (A-E, K-0) and rat (F-J, P-T) through the rhabdoid nucleus.

GPR151 immunoreactivity is shown in magenta. Vesicular glutamate transporter 2
immunoreactivity is shown in green in B—E and G-J. Substance P immunoreactivity is
shown in green in L-O and Q-T. E, J, O and T are higher magnifications of the boxed areas.
DAPI nuclear stain is shown in blue. Colocalization of GPR151 and VGLUT?2 as well as
GPR151 and substance P is observed in the rhabdoid nucleus. Scale bar: 100um in A-C, F—
H, K-M, P-R; 50um in D, I, N, S; 10uminE,J, O, T.
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Figure 8. GPR151 immunor eactive habenular neurons project to the rostromedial tegmental
nucleus

Coronal sections of mouse (A-D) and rat (E-H) in the midbrain showing GPR151
immunostaining (magenta in A,C,D,E,G,H) relative to the immunostaining for vesicular
glutamate transporter 2 (VGLUTZ2, green in B-D,F-H). GPR151 immunostaining is
observed in the rostromedial tegmental nucleus and rhabdoid nucleus. D,H are higher
magnifications of the boxed areas in the inset of each panel. Colocalization of GPR151 and
VGLUT?2 is observed in the RMTg. DAPI nuclear stain is shown in blue. Scale bar: 100 pm
in A-C, E-G; 10um in D,H.
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Figure 9. GPR151 expression in the caudal dorsal raphe nucleus
Coronal sections of mouse (A-F) and rat (G-L) through the caudal dorsal raphe nucleus.

GPR151 immunoreactivity is shown in magenta and tryptophan hydroxylase (TPH)
immunoreactivity is shown in green. DAPI nuclear stain is shown in blue. Panels D-F are
magnifications of the boxed area in C. Panels J-L are magnifications of the boxed area in I.
GPR151 positive fibers make close contact to serotonergic neurons (arrows). Scale bar:
100pm in A-C, G—I; 50um in D-F, J-L.
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Figure 10. Schematic representation of GPR151 expressing habenular projections
Schematic sagittal view of a rodent brain depicting GPR151 expressing habenular

projections. A prominent GPR151 positive projection arises in the ventral medial habenula
and terminates in the interpeduncular nucleus (blue). From the lateral habenula, GPR151
immunoreactive axonal fibers project toward the interpeduncular nucleus, then travel
through or adjacent to it, and then continue in a dorsal-caudal direction. The lateral
habenular fibers travel both dorsally and ventrally to the superior cerebellar peduncle and
terminate in the rostromedial tegmental nucleus, rhabdoid nucleus, dorsal tegmental nucleus
as well as the median, paramedian and dorsal raphe nuclei.
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Secondary antibodies

Table 2

Target species Produced in  Conjugation  Manufacturer, cat. no Working concentration
Rabbit Goat Cy3 Jackson ImmunoResearch, 111-166-003  3ug/ml
Mouse Goat Alexa 488 Jackson ImmunoResearch, 115-545-003  3ug/ml
Mouse Goat DyLight 650  Nordic BioSite, IR-GTMU-003F650 5ug/ml
Mouse Donkey Cy5 Jackson ImmunoResearch, 711-175-152  3ug/ml
Mouse Horse Biotin Vector Laboratories, BA-2000 3ug/ml
Rabbit Donkey Alexa 488 Jackson ImmunoResearch, 711-545-152  3ug/ml
Mouse Donkey Cy3 Jackson ImmunoResearch, 715-165-150  3ug/ml
Sheep Donkey Cy3 Jackson ImmunoResearch, 713-165-147  3ug/ml
Goat Donkey DyLight 549  Jackson ImmunoResearch, 705-505-147  3ug/ml
Rat Donkey Alexa 647 Jackson ImmunoResearch, 712-605-153  3ug/ml
Guinea pig Donkey Cy3 Jackson ImmunoResearch, 706-165-148  3ug/ml
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