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The most merciful thing in the world, I think, is the inability of the human mind
to correlate all its contents. We live on a placid island of ignorance in the midst of
black seas of infinity, and it was not meant that we should voyage far. The sciences,

each straining in its own direction, have hitherto harmed us little; but some day
the piecing together of dissociated knowledge will open up such terrifying vistas of
reality, and of our frightful position therein, that we shall either go mad from the
revelation or flee from the deadly light into the peace and safety of a new dark age.

—H. P. Lovecraft, The Call of Cthulhu
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Popular summary in English

Major depressive disorder is a debilitating and potentially letal syndrome with symptoms
including depressed mood, diminished interest in daily activities, feelings of worthlessness
and cognitive impairment. In order to understand the underlying causes and to develop
novel treatments, it is necessary to research the changes in the brain that occur in depressed
individuals. One of the brain areas that has come into focus during the last decades is the
habenula. The habenula receives information from the frontal parts of the brain and in
turn, modulates parts of the brainstem. It is activated by stress, pain and disappointment
and has been observed to be structurally and functionally dysregulated in depression.

Gprist is a G protein—coupled receptor with unknown ligand, and is almost exclusively
found in the habenula. This fact makes this receptor a potential drug target for selectively
modulating habenular function, which could have implications for treating depression. In
this thesis, we map the expression pattern of Gprist as well as characterize the connectivity
of the neurons that express this receptor. We find that the pattern of Gprist expression
is remarkably conserved throughout the vertebrate lineage. Gprist is present in habenular
axons contacting midbrain and brainstem structures with well established roles in goal-
oriented behavior, stress, pain and depression. We also mapped the input to the Gprist
expressing neurons, yielding a complete map of the circuits that are possibly modulated by
Gprist. We have also performed experiments with the aim of identifying the natural ligand
to this receptor. Unfortunately, we did not find any promising candidates in these initial
efforts. We have also further characterized a previously overlooked neuronal cell type in the
habenula, the inhibitory interneurons, which was until recently assumed not to be present
in this structure.

Our hope is that a characterization of habenular circuits and possible means of modulating
its activity, may help to develop new treatment options for major depressive disorder in the
future.



Populirvetenskaplig sammanfattning pa svenska

Depression dr en svart handikappande och potentiellt livshotande sjukdom som karakta-
riseras av sorg, kinslor av tomhet och meningsloshet. For att bittre forstd hur depression
uppkommer och for att kunna utveckla nya, mer specifika behandlingar, 4r det nédvindigt
att forsta sjukdomens neurobiologi. Ett hjirnomrade som det senaste decenniet har ront
mycket uppmirksamhet bland depressionsforskare ar habenula. Omradet kopplar samman
omraden i de frimre delarna av hjirnan med hjirnstammen och aktiveras bland annat vid
stress, smirta och besvikelse. Avvikelser i habenulas storlek och funktion har pavisats hos
patienter som drabbats av depression.

Gprist dr en G—protein—kopplad receptor med okind ligand, som finns nistan uteslu-
tande i habenula. Detta faktum gér det mojlige att via denna receptor eventuellt kunna
paverka habenulas funktion, vilket skulle kunna lindra depressiva symtom. Vi har i detta
arbete gjort en extensiv kartliggning av de nervceller som producerar Gprist. I den forsta
studien, ddr vi underskte Gprisi-proteinets lokalisation fann vi intressant nog att Gprisi-
neuronens projektionsmonster dr evolutionirt konserverat. Uttrycket hos mus och ritta var
i det nirmaste identiskt med det hos zebrafisk, och vi kan konstatera att denna receptors lo-
kalisation (och méjligen dven dess funktion) varit oférindrad i nirmare en halv miljard ar.
Vi visade i denna studie att neuron vilka producerar Gprist i habenula kontaktar omriden
i hjirnstammen med viletablerad betydelse for motivationsstyrt beteende, stress, smirta
och depression. I den andra studien kartlade vi istéllet vilka hjirnomriden som bidrar med
inflédet av information till Gprisi-cellerna. Inmiarkning av dessa nervceller gjordes med
hjilp av en nyutvecklad teknik dir vi anvinder ett modifierat rabiesvirus. Siledes har vi nu
en god bild av de nervcellsnitverk som eventuellt kan péverkas vid modulering av Gprisr.
Vi har dven utfort initiala forsok att ta reda pa vilka substanser i hjirnan som aktiverar re-
ceptorn. Utifrdn slikeskap mellan olika receptorer identifierade vi olika kandidatmolekyler
som vi tillsatte till odlade celler som producerar Gprist. Dessvirre fann vi inget stod for att
de kandidatmolekyler som vi undersokte kan aktivera Gprisr.

Vi har dven i detta arbete tittat nirmare pé olika nervcellstyper i habenula. En sorts nervcel-
ler som verkar himmande pd andra nervceller troddes tills for bara helt nyligen inte existera
i habenula. Vi kunde med en kinslig metod f6r att mirka in dessa himmande nervceller
beskriva deras utseende. Okande kunskap kring dessa nervceller kan bidra till forstielsen
av hur habenula bearbetar information och hur olika nervceller inom habenula samverkar.

Vi hoppas att en bred karaketirisering av habenula, med avseende pa dess struktur och funk-
tion pé sikt kan leda till utveckling av nya klasser av likemedel f6r behandling av psykia-
triska tillstand.

vi



Introduction

1 Depression

1.1 Clinical presentation and epidemiology

Mood disorders is a category of psychiatric disorders that affects the mood, which may
be described as a sustained feeling that tend to influence our decision making, thought
processes, motivation and social interactions, among other things. Mood regulation is thus
crucial for normal functioning and well-being. Indeed, disorders that cause dysregulation
of mood, often have debilitating adverse effects on the life course of the affected individual.

For a patient to be diagnosed with Major Depressive Disorder (MDD) according to the
Diagnostic and Statistical Manual of Mental Disorders 5 (DSM-5) a number of criteria
must be met (American Psychiatric Association, 2013). The patient must display depressed
mood, and/or diminished pleasure or interest in daily life activities. Additional criteria
are: change in appetite or body weight; sleep disturbance; psychomotor agitation or re-
tardation; fatigue; feelings of worthlessness or inappropriate guilt; cognitive impairment;
and recurrent thoughts of death or suicide. At least five of the criteria above must be met
and at least one of the first two criteria must be included. Also, the symptoms must cause
clinically significant distress or impairment, and may not be attributable to substance use
or psychotic disease. For MDD diagnosis, no manic or hypomanic episodes (abnormally
elevated mood) should have been present, which instead implies bipolar disorder.

The life-time prevalence of MDD is around 16% while a much lower prevalence of 4% is
observed for bipolar disorder (type I and II) (Kessler et al., 2005). The reported prevalence
of depression varies across different countries and cultures (Kessler and Bromet, 2013). In
countries with low prevalence, the impairment is often greater, which suggests a cultur-
ally determined difference in report threshold rather than true difference in prevalence of
depressive symptoms (Simon et al., 2002; Chang et al., 2008).

Severe depression is a life-threatening disease, as many as 60-70% of patients experience sui-
g y



cidal ideas while around 10-15% die as a result of completed suicide (Maller, 2003). Apart
from the suffering associated with the condition, depression is also debilitating for per-
sonal development and relationships. Being diagnosed with a mood disorder decreases the
probability to complete education, increase marital dissatisfaction and risk of divorce, is
associated with negative parenting behavior, increase risk of unemployment, and may lead
to a lower house-hold income (Kessler and Bromet, 2013). Many of the negative effects of
depression are also in themselves risk factors, which may further deepen the severity of the
disease.

1.2 Pathogenesis of depression

Explanations exist; they have existed for all time;

there is always a well-known solution to every human problem
— neat, plausible, and wrong.

— H. L. Mencken

The diagnostic criteria for MDD are problematic in the sense that around 1500 combina-
tions of the symptoms above are possible and that two individuals may be diagnosed with
the same disorder but not share any symptoms at all (Ostergaard et al., 2011). This indicates
that the population of MDD patients is very heterogenous, which should be kept in mind
when discussing the cause or causes (etiology) of depression.

Historically and at present, many ideas on what causes depression exist. Does the multi-
tude of hypotheses imply that we are flying blind when we talk about depression or treat
people with antidepressive treatment or psychotherapy? It could rather be argued that this
is a reflection of the complex nature of depression. Below I will give an account for sev-
eral hypotheses, that when considered as parts of a broader picture, let you appreciate the
heterogenic and multifactorial nature of this psychiatric disorder.

The monoamine hypothesis of depression

Monoamines are a class of neurotransmitters that are derived from aromatic amino acids
and include adrenaline, noradrenaline, dopamine, histamine and serotonin. The hypothe-
sis that depression results from imbalances of monoamine signaling dates back almost 60
years (reviewed in Baumeister et al., 2003). It was precipitated by two discoveries during
the 1950s. The first was the reported depressogenic effect of reserpin, a compound isolated
from root of the Rauvolfia serpentina plant, which had previously been used traditionally
in Indian medicine (Fig. 1). Reserpine inhibit the vesicular monoamine transporters that
are responsible for package and storage of monoamines into synaptic vesicles (Henry and



Scherman, 1989). By inhibiting the transporter, the monoamines are instead degraded
which cause lasting monoaminergic depletion (Shore et al., 1955; Bertler et al., 1956). Re-
serpine was being used in the s0-60s for treating hypertension. In several clinical trials,
there were reports that some patients developed depression after treatment with reserpine,
hence it was for long considered as a depressogenic substance. However, a recent meta-
analysis found a depression prevalence of 10% in the reserpine treated population, which
is even a bit lower than the prevalence of 16% in the general population (Baumeister et al.,
2003), which casts doubt on its depressogenic effects.

The second major contribution to the monoamine hypothesis was the promising antide-
pressant activity of two newly developed drugs against tuberculosis (Ramachandraih et al.,
2011). These drugs were isoniazid (which is still used in clinical practice for treating tubercu-
losis) and iproniazid. It was shown that iproniazid and (to a lesser extent) isoniazid inhibited
the enzyme responsible for breaking down monoamines in the synapse, monoamine oxi-
dase (MAO). When MAO is blocked, the concentration and availability of monoamines

thus increase.

This led to the formulation of the monoamine hypothesis of depression, which states that
depression is a result of a monoamine deficiency and, in line with this, that a restoration of
monoaminergic levels will alleviate depression (Baumeister et al., 2003).

Although it is certainly true that the monoamine hypothesis has spurred research and led
to the development of substances that have antidepressant activity, it is at present clear

Figure 1: Rauvolfia serpentina.
Credit: Wellcome Library, London. Wellcome Images images@wellcome.ac.uk http://wellcomeimages.org Rau-
wolfia serpentina Hortus indicus malabaricus, 12 volumes Hendrik Adriaan Rheede Tot Draakestein, van Pub-
lished: 1678 - 1703. Copyrighted work available under Creative Commons Attribution only license CC BY 4.0
http://creativecommons.org/licenses/by/4.0/



that the model lacks explanatory power. Depletion of monoamines can be achieved by
administration of an amino-acid drink lacking the monoamine precursor tryptophan for
serotonin depletion and phenylalanine—tyrosine for noradrenaline and dopamine depletion
(Ruhé et al., 2007). The hypothesis predicts that the degree of depressed mood should
be proportional to monoamine levels. Indeed, depressed patients in remission tend to
relapse when depleted of the monoamine that is targeted by their antidepressive medication
(Ruhé et al., 2007). However, depleting serotonin, noradrenalin and dopamine in healthy
individuals or currently depressed patients has no effect on mood. A small mood-lowering
effect can be observed in healthy individuals with a family history of depression. Given
that there is no simple relationship between monoamine levels and depressed mood, this
hypothesis is at best an oversimplification. Monoamines are clearly important targets for
antidepressive treatment (Hieronymus et al., 2016), but they are not the (only) culprit in
causing depression.

Brain reward system

A necessity for all life forms is the ability to adapt their behaviour so that outcomes that
increase the chance of survival and reproduction (i.e. food, sex, warmth, social interaction,
safe environments) are maximized while outcomes that put survival at risk (i.e. injury,
hunger, social isolation) are minimized. In vertebrates, large parts of this evaluation and
control is carried out by complex brain circuits that evaluate sensory information and out-
comes of actions. This system is often referred to as the brain reward system.

The key components of the system are a set of highly interconnected brain areas that re-
spond to salient cues and that may also produce positive or negative experiences when
activated. This can be assessed in animals through intracranial self-stimulation, which has
allowed mapping of the brain areas associated with affective experience. The brain areas
that make up the reward system include the nucleus accumbens, VTA, medial prefrontal
cortex, lateral hypothalamus, lateral habenula and amygdala. Numerous studies of de-
pressed individuals using non-invasive brain imaging techniques or post-mortem analysis
have identified volumetric and functional disturbances in many of these areas (reviewed in
Russo and Nestler, 2013). One hypothesis arising from the link between the reward sys-
tem and depression is that the negative interpretation of experiences that is common in
depressed individuals is a result of a dysregulated reward processing (reviewed in Russo and
Nestler, 2013). It is possible that this mechanism could account for anhedonia, the inability
to experience pleasure, one of the key symptoms of depression (Heshmati and Russo, 2015).



Genes, environment and their interaction

The stress—vulnerability model of psychiatric disease was first proposed for conceptualiz-
ing the etiology of schizophrenia (Zubin and Spring, 1977) but can be applied to depres-
sion as well (McGuffin and Rivera, 2015). According to the model, all individuals exhibit
varying sensitivity to challenges arising in the external environment, such as stressful life
events, infection, drug use, seasonal variation etc, or from the internal environment, such as
metabolic, neurophysiological, biochemical and hormonal changes. When this threshold
is surpassed, the homeostatic equilibrium maintaining a healthy mental state is disrupted
and a disease episode develops.

Studies of families of depressed individuals have established that the risk of developing
depression is increased (odds ratio ~2.8) if a first-degree relative is affected by the disease
(reviewed in Sullivan et al., 2000). Similarly, studies comparing identical and non-identical
twins have demonstrated a substantial degree of genetic heredity (explaining at least 30%
of the variance) (Sullivan et al., 2000). Given the findings above, it is clear that there are
genetic factors that influence the risk of developing depression.

Thus, the research on the stress—vulnerability hypothesis has primarily focused on how
specific genetic variants in combination with stressful life events may contribute to the
development of depression. In 2003, a seminal study on gene—environment interaction was
published reporting that a certain genetic variation in the promoter region of the serotonin
transporter, designated the serotonin-transporter-linked polymorphic region (s-HTTLPR)
genotype, made individuals more susceptible to stressful life events (Caspi et al., 2003).
Of importance, the s-HTTLPR genotype in itself did not increase the risk for depression,
but individuals carrying the genotype had a greater risk of developing depression when
subjected to stressful life-events.

This finding spurred a huge interest in research in gene—environment interaction in de-
pression. However, replication attempts of the original findings of the Caspi et al. (2003)
study have yielded conflicting results (Risch et al., 2009; Karg et al., 2011). Recently, a
large collaborative study including 38802 individuals demonstrated a strong effect of stress-
ful life events on the prevalence of depression, but no interaction effect of the s-HTTLPR
genotype could be observed (Culverhouse et al., 2017).

Rather than singling out specific candidate genes, the genetic vulnerability (as demonstrated
by the heritability of depression) is likely determined by complex interaction between mul-
tiple genes and the detection of such sets of genes requires genome—wide association stud-
ies. In order to detect genetic variants that individually contribute very little, huge study
samples containing many thousands of study participants are required. Such efforts have
recently successfully identified a handful of genes that each contribute very little to the
risk of developing depression (Mullins and Lewis, 2017). The CONVERGE consortium,



analyzing more than sooo Chinese women with recurrent MDD identified two genetic
variants that were associated with depression risk, one close to the SIRP1 gene (rsr2415800,
odds ratio 1.167) and one in an intron of the LHPP gene (rs35936514, odds ratio 0.845)
(CONVERGE consortium, 2015). These genetic variants are more common in east Asia
but rare (especially for the SIRP1-variant) in other populations rendering these interesting
findings non-universal. An estimation of the number of genetic variations needed to ex-
plain the heritability of major depressive disorder amounts to around 2500 loci (Flint and
Kendler, 2014). A polygenetic disease indeed!

Affective neuroscience

Affective neuroscience is a research field and framework which seeks to identify and inves-
tigate primary affect modulating systems in the brain. A primary affect is an instinctual
and experienced brain activity. The affective experience may have behavioral, cognitive
and physiological consequences for the organism. The role of the primordial subcortical
brain for producing emotional affect is emphasized in affective neuroscience, and a lesser
role is attributed to the (in humans well-developed) cerebral cortex. It also recognizes that
non-human animals are conscious in the sense that they have emotional experiences, as
opposed to behavioristic theories of non-humans where the experiences of for example pain
and pleasure are not emphasised. The main proponent of this view, the late Dr. Jaak
Panksepp, identified seven such primary affect systems that are largely conserved in all ver-
tebrate species (Panksepp, 2005). These systems are often denoted in capitals: SEEKING,
FEAR, RAGE, LUST, CARE, PANIC, and PLAY.

The primary affects that have been hypothesized to be important for development of depres-
sion are the PANIC and the SEEKING systems (Panksepp and Watt, 2011). The PANIC
system is activated by social separation, and is thought to mediate isolation-induced dis-
tress. ‘The system elicits emotional pain and aids to form and maintain social bonds be-
tween individuals. In order to achieve social reunion when isolated, distress calls (crying)
are elicited together with a painful experience (most notable in infants isolated from their
parents). Endogenous opioids have shown to play an important role in this system, and it
appears that drugs targeting opioid receptors may be as effective against psychological pain
(resulting from PANIC activation) as for physical pain.

Activation of the SEEKING system is strongly appetitive and drives an energetic motiva-
tion to explore the environment and seek resources, i.e. foraging. The SEEKING system is
tightly linked with dopamine and dopamine receptors, and incorporates what is known, in
behavioristic terminology, as the reward system. The difference between the affective neu-
roscience view of the SEEKING system and the behavioristic view of the reward system is
that affective neuroscience emphasizes subjective experience, where as for a behaviorist the
reward system is important for operant conditioning (learning) contexts only. Activation



of the dopaminergic system (i.e. ascending dopaminergic fibers in the medial forebrain
bundle) is indeed rewarding, in the sense that animals tend to work for such stimulation.
It appears however, that the dopaminergic system is maximally activated during the antic-
ipation of reward rather than during the consummatory phase (Panksepp, 2005).

In order to explain the emotional pathology in depression, Panksepp and Watt (2011) have
proposed that a prolonged activation of the PANIC system may lead to a persevering state
of distress associated with emotional pain. An accompanying reduction in the activity of
the SEEKING system leads to decreased motivation and energy (anhedonia and fatigue)
which further decreases the chance of sponteneous reversal of the condition (Panksepp and
Wiatt, 2011). For treating depression, Panksepp proposes that activation of positive primary
affects (such the PLAY system which is involved in positive social interactions) may be
beneficial.

Adaptive advantages of depression?

From an evolutionary perspective, it is difficult to explain why depression, which is asso-
ciated with increased morbidity and mortality, is so common in the general population.
In order to balance the maladaptive effects of depression, some argue that there must be
counterbalancing advantages.

A common view is that depression is the result of dysfunction in systems that otherwise
carry adaptive advantages for an organism (Bergstrom and Meacham, 2016). A variation
on this theme is the argument that even though the manifestation of depression in itself is
evolutionary maladaptive, the alleles that carry genetic 7isk for depression may be adaptive
if depression never develops. In the long run, such risk alleles may carry adaptive effects
over generations, but lead to dire consequences for some individuals. A well-known ex-
ample of this is sickle-cell anemia where specific mutations in hemoglobin protects against
malaria if present on only one allele, while leading to severe anemia in homozygous indi-
viduals. Interestingly, while fecundity rates in depressed individuals are lower (in males)
or unchanged (in females), it is increased in non-affected siblings, which completely coun-
terbalances the disadvantage (Power et al., 2013). The increased fecundity of siblings of
depressed individuals could explain why risk alleles for depression remain swimming in the
gene pool.



2 Habenula

The part of the body in which the soul directly exercises its functions is not the heart at all, or
the whole of the brain. It is rather the innermost part of the brain, which is a certain very
small [pineal] gland situated in the middle of the brain’s substance and suspended above the
passage through which the spirits in the brain’s anterior cavities communicate with those in its
posterior cavities. The slightest movements on the part of this gland may alter very greatly the
course of these spirits, and conversely any change, however slight, taking place in the course of
the spirits may do much to change the movements of the gland.

— The Passions of the Soul, René Descartes

The habenular nucleus is a paired (bilateral) structure that is situated at the posterodor-
sal end of the diencephalon, on top of the thalamus. The habenula and pineal gland to-
gether form what is known as the epithalamus (Fig. 2). The name (habenularis, Latin) is the
diminutive form of the Latin word habena, meaning strip, rein or leash, hinting at its previ-
ously considered role as an appendage to the pineal gland. The basic cellular morphology
and connectivity of the habenula (Fig. 3) was described more than a century ago (Ramén y
Cajal, 1894; Ganser, 1882). The habenula receives the bulk of its input via a fiber tract
called stria medullaris and the axons of the habenular neurons form the tract known as the
Jasciculus retroflexus (of Meynert) and terminate primarily in mesencephalic and brainstem
structures (described in further detail below).

The habenula is present in all vertebrates (Ramén y Cajal, 1894). The basic connections
to and from the habenula are similar in primates and in ancient vertebrate species such as
the lamprey and hagfish, indicating a strong evolutionary pressure that has conserved the
habenular circuitry since its development around 530 million years ago (Stephenson-Jones
etal., 2012). Put into evolutionary perspective, the first trees developed around 400 million
years ago and flowering plants around 140-250 million years ago, long after the emergence
of the habenula in vertebrates.

2.1 Habenular asymmetry

In most species, the habenula displays left—right asymmetry, with regards to its size, connec-
tivity and gene expression patterns (Concha and Wilson, 2001). In mammals this asym-
metry is not as striking as in fish, amphibians and reptiles, but recent reports suggest a
modest enlargement of the left habenula in humans (Ahumada-Galleguillos et al., 2017).
In zebrafish, it has been demonstrated that the left habenula is excited by visual stimuli
while the right habenula responds predominantly to odours (Dreosti et al., 2014). The
significance of this anatomical and functional lateralization of the habenular circuitry re-



Figure 2: Location of the habenula in the mouse brain
Location of the habenula (magenta) in coronal (top) and sagittal (bottom) sections of a mouse brain. (Image courtesy:
Allen Mouse Brain Atlas)

mains unclear, but it should be recognized in future studies so that effects that may only
be observed unilaterally are appreciated.

2.2 Sub-nuclear organization and anatomy

It has long been recognized that the habenula consists of two distinct medial and lateral di-
visions, clearly distinguished by a much higher cellular density in the medial habenula than
in the lateral habenula. The connectivity patterns of the two divisions are also distinct. The
medial habenula receives input primarily from the bed nucleus of the anterior commissure,
septofimbrial nucleus, triangular septum, medial septum and diagonal band of Broca, all
located in the forebrain (Qin and Luo, 2009). In some non-mammalian species, the medial
habenula receive input directly from primary sensory structures while it appears that a shift
towards a more integrated input has occurred in mammals (Grillner et al., 2017; Gugliel-
motti and Cristino, 2006). The main target of the medial habenula in all vertebrates is the
interpeduncular nucleus (IPN) (Grillner et al., 2017; Herkenham and Nauta, 1979; Nauta,
1958). It is a midline structure at the ventral surface of the midbrain rich in inhibitory



Figure 3: Habenula of the rabbit
lllustration of the habenular nuclei by Ramén y Cajal. The habenula lies lateral to the third ventricle (V) and juxtaposed
to the thalamus (D). It consists of a medial (A) and lateral (B) division. The habenula receives its main input via the
stria medullaris (a, b) and the axons of the habenular neurons travel towards the ventral midbrain and brainstem via
the fasciculus retroflexus (C). (Image courtesy: Ramén y Cajal (1894))

GABAergic neurons. The IPN targets both forebrain areas such as the hippocampus, diag-
onal band of Broca, septum and preoptic area as well as brainstem areas such as the pontine
central grey, dorsal raphe and dorsal tegmentum (Morley, 1986; Shibata and Suzuki, 1984).

Given the small size of the habenula, there is a remarkable number of subdivisions readily
distinguishable by differences in gene and protein expression as well as morphological cri-
teria (Andres et al., 1999; Geisler et al., 2003; Pandey et al., 2018). Two major populations
of neurons form the majority of the medial habenular cells. The dorsal division can be
identified by expression of tachykinin 1 (precursor to substance P) and targets the lateral
subnucleus of the IPN (Cuello et al., 1978) (note that the in the reference, the target is
misidentified as the ventral tegmental area). The ventral division include a large popula-
tion of cholinergic neurons producing axons that travel in an enigmatic spiraling pattern
through the IPN before terminating in the central subnucleus (Bianco et al., 2008).

Apart from these populations, there are smaller groups of neurons identifiable by expression
of interleukin 18 (Sugama et al., 2002) and the p-opiod receptor (Aizawa et al., 2012).

Most if not all medial habenular neurons produce glutamate and are excitatory (Aizawa
et al., 2012). It has been demonstrated that the cholinergic neurons in the habenula co-
release acetylcholine and glutamate from the same neurons onto the interpeduncular neu-
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rons (Ren et al., 2011). Interestingly, different intensity and pattern of neuronal firing give
rise to differences in the transmitters released, implying that the neurochemical phenotypes
of habenular neurons are more fluid and dynamic than previously recognized.

The lateral habenula can be subdivided in up to ten subnuclei using morphological and
cytochemical criteria (Andres et al., 1999; Geisler et al., 2003; Wagner et al., 2014b). It
receives its main input from a continuous band of neurons stretching from the lateral pre-
optic area to the lateral hypothalamic area (Herkenham and Nauta, 1977; Aizawa et al,,
2013; Yetnikoff et al., 2015). Other prominent afferents arise in the basal ganglia (globus
pallidus pars interna / entopeduncular nucleus), nucleus of the diagonal band of Broca as
well as the ventral tegmental area (VTA) and median raphe nucleus. Most neurons in the
lateral habenula appear to be excitatory based on the high expression of the vesicular glu-
tamate transporter 2 and 3 (Aizawa et al., 2012; Herzog et al., 2004). The main efferent
connections of lateral habenular neurons target brainstem areas including the rostromedial
tegmental nucleus, the median and dorsal raphe and the pontine central grey (Quina et al.,
2014). There appears to be a substantial degree of overlap between the brainstem targets of
the lateral habenula and the IPN (Oh et al., 2014). The lateral habenula also exhibit minor
projections to the VTA and the posterior and lateral hypothalamic areas (Herkenham and
Nauta, 1979; Quina et al., 2014).

The complete forebrain-habenular-brainstem circuitry is collectively known as the dorsal
diencephalic conduction and constitutes one of the major descending pathways in the brain
(Sutherland, 1982).

2.3 Function

The overall inhibitory influence that the habenula exerts on serotonergic, noradrenergic
and dopaminergic signaling in the ventral midbrain and the brainstem has long been rec-
ognized (Kalén et al., 1989b,a; Nishikawa et al., 1986). These monoaminergic brain stem
areas produce projections that terminate in most areas of the brain, thus capable of excert-
ing an (almost) global neuromodulatory influence. The influence that the habenula have
on the transmission in the immensely branching monoaminergic systems may be a reason
why the habenula can be involved in the multitude of brain functions and behaviors as

described below.
Adaptive behavior and reward

Based on self-stimulation experiments in rats, it has long been recognized that the habe-
nula constitutes part of the affective circuitry of the brain (Sutherland and Nakajima, 1981).
In 2007, it was shown in single-cell recordings in monkeys that lateral habenular neu-
rons respond to omissions of expected rewards as well as unexpected aversive stimulation,
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producing an inverse image of the famous reward prediction error responses observed in
dopaminergic neurons in the VTA (Matsumoto and Hikosaka, 2007). This finding led to
renewed interest in the role of the lateral habenula in reward and adaptive behavior. Sub-
sequently, using a recently developed technique for neuronal stimulation (optogenetics) it
was demonstrated that activation of habenular neurons produce strong aversive responses
in mice and rats (Stamatakis and Stuber, 2012; Shabel et al., 2012). Similarily, inhibition of
the habenula by stimulating inhibitory input from the VTA to the habenula produce the
opposite effect (Stamatakis et al., 2013). At least a part of the aversive response produced
by habenular stimulation is conveyed by a newly identified nucleus in the brainstem, the
rostromedial tegmental nucleus, which receives strong innervation from the lateral habe-
nula (Jhou et al., 2009b; Stamatakis and Stuber, 2012). This nucleus contains inhibitory
GABAergic neurons that mainly target midbrain and brainstem areas such as the VTA,
medial and laterodorsal tegmental nucleus, dorsal raphe and locus coeruleus.

Experiments imply that the habenula may use this reward information in order to dy-
namically adapt behavior in response to sub-optimal outcomes, especially in stressful and
demanding conditions (Thornton and Davies, 1991; Baker et al., 2015, 2016; Baker and
Mizumori, 2017). One function of the lateral habenula may be to compare information
about the current response outcome (from prefrontal cortical areas), with information of
the current internal state (from subcortical areas) and update behavior accordingly through
manipulation of the monoaminergic VTA and dorsal raphe (Thornton and Evans, 1982;
Mizumori and Baker, 2017).

Stress

Many acute stressors (restraint stress, swim stress, novel environment, injection of lithium
chloride) and chronic stressors (chronic social stress) increase the activity of lateral habenu-
lar neurons (Wirtshafter et al., 1994; Chastrette et al., 1991; Matsuda et al., 1996). Activated
neurons (as measured by up-regulation of the immediate early gene cFos) are primarily
located in the medial part of the lateral habenula, and especially concentrated in the par-
vocellular subnucleus (Wirtshafter et al., 1994). Chronic treatment with imipramine, a
tricyclic antidepressant, does not however antagonize the up-regulation of cFos after acute
swim stress (Duncan et al., 1996).

Animals under high cognitive demand show higher stress levels after blocking excitatory
input to the lateral habenula (Mathis et al., 2017). This implies that one role of the lateral
habenula may be to adapt behavior in stressful situations, rather than just promoting an
aversive response. Furthermore it has been shown that cognitive deficits due to habenular
lesions are accentuated during stress (Thornton and Evans, 1982; Thornton and Bradbury,
1989; Thornton et al., 1990).
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Aggressive behavior

Different subnuclei within the habenular complex of zebrafish regulate behavior in social
conflicts differently (Chou et al., 2016). The probability of winning a social conflict was in-
creased by inactivation of the medial dorsal habenula while it was decreased by inactivation
of the lateral dorsal habenula.

Aggression-related reward in dominant mice appears to be regulated by a GABAergic pro-
jection from the basal forebrain (shell of the nucleus accumbens, diagonal band of Broca
and septum) to the lateral habenula (Golden et al., 2016). Inactivation of this pathway
increases attack severity in aggressive mice, but also potentiates non-social rewarding expe-
riences such as cocaine administration, indicating a general reward potentiating effect.

Circadian rhythms and sleep

A separate line of research has implicated the habenula in regulation of circadian rhythms
and sleep (reviewed in Bafio-Otédlora and Piggins, 2017). Many organisms dynamically
adapt their behavioral repertoar depending on the time of day, i.e physiological and behav-
ioral processes are influenced by the ~24 hour circadian rhythm. The expression of cFos in
the medial division of lateral habenula in rats, is highest during the day (inactive period)
and subsides during the night (active period) (Chastrette et al., 1991). The same neuronal
population appears to express the clock gene PER2 in a circadian pattern that is indepen-
dent of external cues. The presence of circadian regulated neurons in the lateral habenula
indicates that diurnal information might be used by the habenula for optimizing behavior.

Lesions of the habenula or the fasciculus retroflexus disrupts rapid eye-movement sleep
(REM), a phenomenon that might be mediated through downstream effects on the sero-
tonergic raphe nuclei (Valjakka et al., 1998; Aizawa et al., 2013). Interestingly, REM sleep
disruption is commonly observed in depressed individuals.

2.4 Habenula in depression

The habenula appears to partake in a range of brain functions that are commonly disrupted
in depression. Many studies have thus been conducted to investigate if differences in habe-
nula structure and function can be observed in patients suffering from depression. This
question has also been addressed in a large number of preclinical studies employing differ-
ent animal models of depression.
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Clinical studies

Volumetric changes of the habenula in depression

The brain is a plastic organ that dynamically adapts to fluctuations in the internal and ex-
ternal environment (McEwen, 2012). Such adaptations include structural modifications of
neurons, including dendritic branching, changes in synaptic density and proliferation of
neurons, glia and endothelium, which may lead to volumetric changes in specific brain ar-
eas. A post-mortem study of volumetric differences between a mixed sample of depressed
individuals (bipolar and major depressive disorder) and matched controls found a decreased
volume of the medial and lateral habenula in the right hemisphere (Ranft et al., 2010). Us-
ing 3T MRI, one study found a decrease in bilateral habenula volumes in non-medicated
patients with bipolar depression compared to healthy controls (Savitz et al., 2011). In the
same study, a decrease in volume was observed in the right habenula in female patients
with MDD. A recent 3T MRI study comparing habenula volumes of healthy volunteers
and MDD patients could not reproduce this finding, although no sex-specific stratification
was performed (Lawson et al., 2016). A study of habenula volumes at different stages of
MDD detected a small increase of habenular white matter volume in medicated female
patients with first-episode MDD. Apart from this finding, no other effects could be ob-
served (Carceller-Sindreu et al., 2015). In non-medicated, but not in medicated, patients
with MDD, a significant correlation between depressive symptom severity (as measured by
HAMD-17 and BDI-II scores) and habenula volume was observed in a study employing
high-field (7T) MRI (Schmidt et al., 2017). No group differences could be detected be-
tween the MDD patients and the controls however. Another study using 3T MRI detected
an increase in left habenular volume in non-medicated MDD patients, and also found a
positive association between left habenular volume and anhedonia severity (Liu et al., 2017).

In summary, studies investigating volumetric differences in habenular volume in MDD
patients have yielded conflicting results and future studies should be carried out with larger
study samples including variables such as disease severity, medication status, sex and brain
hemisphere.

Habenular function in depression

As mentioned above, in patients that respond to antidepressive serotonin reuptake in-
hibitors, tryptophan depletion can elicit depressive symptoms. A small study investigated
the effect of tryptophan depletion on habenular blood-flow (using positron emission to-
mography, PET) in MDD patients in remission (Morris et al., 1999). Habenular blood-
flow was negatively correlated with plasma tryptophan levels and positively correlated with
severity of depressive symptoms. Covariation between the habenular and the serotonergic
dorsal raphe blood-flow was evident in patients with large increases in depressive symptoms
after tryptophan depletion. Another study of tryptophan depletion in MDD patients in

14



remission using functional magnetic resonance imaging (fMRI) did not observe an effect
on mood in either patients or controls (Roiser et al., 2009). However, an increase in left
habenular blood-oxygen-level dependent (BOLD) signal was observed in MDD patients
but not in control subjects.

Using fMRI, an increase was observed in habenular BOLD signal at presentation of a cue
signaling an imminent electric shock in healthy volunteers while in MDD patients the
BOLD signal instead was decreased (Lawson et al., 2016). This finding implies a disrupted
habenular function in MDD patients during processing of aversive information, a dysfunc-
tion that could inhibit avoidance of negative stimuli.

Using a task with monetary gain or loss, one study found attenuated BOLD reactivity
of the left habenula of MDD patients compared to controls (Furman and Gotlib, 2016).
Similarly, in another fMRI study of reward processing, a trend towards blunted response in
the left habenular BOLD signal in MDD patients during reward or punishment feedback
was observed (Liu et al., 2017).

Patients with treatment resistant depression show decreased white matter integrity (frac-
tional anisotropy) in afferent fibers to the right habenula compared to responders (Gos-
nell et al., 2018). The same study also reported differences between responders and non-
responders in the functional connectivity between the habenula and brain—stem areas in-
cluding the median raphe and locus coeruleus.

Infusion with ketamine, an NMDA receptor antagonist which has recently gained inter-
est as a rapid acting antidepressant, reduce glucose metabolism in the right habenula of
unmedicated treatment resistant MDD patients (Carlson et al., 2013).

In a patient with severe treatment-resistant MDD implanted with bilateral deep brain stim-
ulation electrodes in the habenula, remission was achieved after 4 months of high-voltage
stimulation. The patient remained in remission until the stimulation was accidentally dis-
continued whereupon the patient relapsed. Remission was again achieved after 3 months
of continued stimulation (Sartorius et al., 2010). Whether the disease time-course of this
patient is best explained by a real antidepressive effect of habenular DBS or the cyclic nature
of the disease, remains to be determined.

Most of the studies investigating habenular function in MDD patients have been small,
which precludes any definite conclusions to be drawn. Nonetheless, the results of these
experiments indicate that the habenular function might be disrupted in MDD and that
laterality could be an important factor.
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Preclinical studies

In contrast to the meager results obtained from MDD patients, there is strong support of
habenular dysfunction in studies employing animal models of depression.

An early study investigating metabolic changes (using “C-2-deoxyglucose autoradiogra-
phy) in three different rat models of depression found robust increases of lateral habenular
metabolism in all models (Caldecott-Hazard et al., 1988). The increase in metabolism was
prevented by pretreatment with tranylcypromine, a monoamine oxidase inhibitor used in
the clinical treatment of MDD. Many studies have since replicated the finding of habenular
hyperactivity in rodent models of depression.

A common model for depressive—like behavior in rodents is the learned helplessness model.
The animals are subjected to uncontrollable and inescapable mild foot-shocks. After this
initial conditioning, the animals are again subjected to foot—shocks, but with a possibility
to escape. Animals that display learned helplessness do not act on this escape opportunity.

Using PET to measure glucose utilization, an association between habenular metabolism
and learned helplessness behavior have been demonstrated (Mirrione et al., 2014).

Similarly, an electrophysiological study investigating the lateral habenular neurons project-
ing to the VTA, showed an increased spontaneous activity in these cells, that was positively
correlated with the degree of helpless behavior (Li et al., 2011). Deep brain stimulation
of the lateral habenula was shown to ameliorate helplessness in the learned helplessness
paradigm. The deep brain stimulation protocol employed (130Hz bursts) was shown to
lead to a suppression of excitatory synaptic activity in these cells that returned to normal
levels at cessation of the stimulation.

In a rat strain that have been continuously bred for helpless behavior (congenitally help-
less rat), multiple studies have shown an increase in habenular metabolism (Shumake et al.,
2003; Shumake and Gonzalez-Lima, 2013). Interestingly, a decreased habenular metabolism
was observed in rats treated with the common antidepressive medication fluoxetine (Shu-
make et al., 2010). In one study of the congenitally helpless rat strain, an up-regulation of
the (3 isoform of Ca**/calmodulin-dependent protein kinase I (3-CamKII) was observed
in the lateral habenula (Li et al., 2013). This finding was reproduced in the acute learned
helplessness model as well as in the chronic unpredictable stress model of depression. The
protein levels of 5-CamKII was reduced after treatment with imipramine, a tricyclic an-
tidepressant. Over-expression of 3-CamKII in the lateral habenula of wild-type mice and
rats increased spontaneous spiking rates in the habenular neurons and induced depressive-
like behavior. Knock-down of S-CamKII produced the opposite effect, leading to re-
duced depressive-like behavior. The downstream effects of S-CamKII include a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor upregulation, which is a
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major component in glutamatergic (excitatory) signaling, explaining the potentiation of
these neurons. In the congenitally helpless rat strain, a shift towards a more glutamatergic
phenotype was observed in glutamate/ GABA co-releasing neurons in the entopeduncular
nucleus projecting to the lateral habenula (Shabel et al., 2014). This shift could be normal-
ized by administration of the serotonin reuptake inhibitor citalopram.

Neuronal hyper-excitability in the lateral habenula may also be induced by local inhibition
of the glial glutamate transporter GLT-1 (Cui et al., 2014). This leads to reduced clearance
of glutamate from the synaptic cleft and increased glutamatergic signaling. In mice, this
affects various behaviors linked to depressive like behavior, including disrupted rapid-eye
movement sleep, which is a symptom commonly observed in patients with MDD.

Mice with learned helplessness exhibit hyper-excitability of lateral habenular neurons (Lecca
et al., 2016). This hyper-excitability is partly due to reduced GABAg-receptor signaling,
mediated by de-phosphorylation of a serine residue on the receptor. Interestingly, local in-
hibition of GABAg de-phosphorylation in the habenula, leads to amelioration of depressive
like behavior in this mouse model.

A subset of habenular neurons target the caudal dorsal raphe (Quina et al., 2014), a brain
stem area in which the serotonergic signaling increase after in-escapable compared to es-
capable foot-shocks (Amat et al., 2001). Lesioning the habenula prevents the surge of sero-
tonin in this area.

In conclusion, lateral habenular signaling is potentiated in rodent models of depression,
mediated by both increased excitatory (glutamatergic) and decreased inhibitory (GABAer-
gic) tone. The habenular dysfunction in depression appears to affect both serotonergic
(caudal dorsal raphe) and dopaminergic (VTA) systems.

3 G protein—coupled receptor 151

G protein—coupled receptors (GPCRs) comprise a large family of transmembrane receptors
with around 8oo different members in humans (Fredriksson etal., 2003). Although a variety
of signaling pathways have been identified in this class of receptors, the principal pathway
acts via second messenger systems mediated by interaction between the GPCR and a small
protein complex known as the G protein. Upon interaction with an extracellular ligand
molecule, the conformation of the GPCR changes which allows activation of intracellular G
proteins. The activated G protein mediates downstream effects which range from changes
in intracellular ion concentration to regulation of gene expression. Members of the GPCR
family are often targeted for drug development, around 34% of drugs approved by the
federal drug administration in the US, modulate GPCR activity (Hauser et al., 2017).
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For some of the human GPCRs, the endogenous ligands have been identified while the

majority remain “orphan”.

In 2003 and 2004, three research groups independently discovered a new GPCR in the
human, mouse and rat (Berthold et al., 2003; Ignatov et al., 2004; Vassilatis et al., 2003).
Although initially assigned different names (Gprisi, PGR7, GALR4, GPCR-2037, and
galanin-receptor like), the receptor will in this thesis be referred to as Gprist (Fig. 4).

During embryonic development, Gprist appears to be expressed in a variety of subcortical
brain structures and cranial nerve nuclei but in the adult organism the transcription in the
central nervous system is largely restricted to the habenular nucleus (Ignatov et al., 2004)
(Fig. 5). Some additional areas, most notably the paraventricular and central thalamic nuclei
exhibit a much lower expression in the adult brain. Gprist evolved from a common ancestor
of allatostatin, kisspeptin and galanin receptors (Liu et al., 2010). In a doctoral thesis of Qin
(2011), the first investigation of Gprist protein expression was performed in which Gprist
expression was reported in glutamatergic medial habenular neurons projecting towards the
IPN. This pattern of Gprist protein expression was confirmed and extended in our work
(Broms et al., 2014), described further in this thesis.

The protein sequence of Gprist is most similar to that of the members in galanin recep-
tor family, GalR1, GalR2 and GalR3 (-16% identity, ~30% similarity). The similarity to
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Figure 4: Amino acid sequence of human Gpr151.
The secondary structure of the Gpr151 protein, were the color of each amino acid reflects its chemical property. The
protein starts with the amino-terminus (N-term) which is located at the extracellular side of the cell membrane. The
amino acid chain then transverses the membrane seven times, forming intracellular (ICL) and extracellular (ECL) loops
before terminating intracellularly with the carboxyl-terminus (C-term). (Image courtesy: GPCRdb.org)
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Figure 5: Gpr151 mRNA expression.
Visualization of Gpr151 mRNA using in situ hybridization in a coronal section through the diencephalon of an adult
mouse. The expression of Gpr151 is enriched in the ventral part of the medial habenula (MHb) and in the lateral
habenula (LHb). A weak expression is also detectable in the paraventricular nucleus (PVT). (Image courtesy: Allen
Mouse Brain Atlas)

galanin receptors could indicate that the endogenous ligand of Gprist is a peptide resem-
bling galanin, which is a neuropeptide involved in diverse functions such as cognition, sleep,
nociception, energy metabolism and reproduction (Mechenthaler, 2008). This hypothesis
has been explored in assays measuring ligand—induced Gprist activation by quantifying
induced second messenger production (Ignatov et al., 2004; Qin, 2011; Fontes, 2015). Al-
though Ignatov et al. (2004) observed a weak activation of Gprist during incubation with
galanin, this was at non-physiological micromolar ligand concentrations. Recently, a large
high-throughput screening effort at Scripps Research Institute (Florida, USA) was initiated
aiming to find small molecule modulators of this receptor. The interest in this receptor
stems from the restricted expression pattern in the habenula, and the potential of serving
as a target for treating psychiatric conditions.

Kobayashi et al. (2013) was first to publish a study that investigated the function of the
Gprist population. They performed selective ablation of Gprisi-expressing neurons in mice
and ran an extensive array of behavioral tests in order to detect phenotypic deficits. The
ablated mice showed signs of compulsive and impulsive behavior, failure to habituate to
repeated exposure to a novel environment, increased anxiety and strong devaluation of
rewards that require waiting or physical effort. Additionally, the ablated mice displayed
a dampened response to nicotine, which may be attributed to the high concentration of
nicotine receptors in the medial habenula.

The sensitivity to nicotine has also been investigated in mice where the Gprisr gene has
been excised (Fontes, 2015). The Gprist knockout mice show a higher sensitivity to nicotine
compared to controls, and also exhibit increased anxiety and somatic withdrawal symptoms
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at cessation after chronic nicotine administration.

In a study in zebrafish, Chou et al. (2016) investigated how silencing of a Gprist expressing
population in the medial part of the dorsal habenula ({HbM) influenced aggressive behav-
ior. The dHbM-silenced fish showed increased aggressive behavior and was more likely to
win fights.

Outside of the central nervous system, Gprisr expression can also be detected in dorsal root
ganglia (Ignatov et al., 2004; Holmes et al., 2017). A strong upregulation of Gprrsr mRNA
was observed in a nerve injury model of neuropathic pain (Holmes et al., 2017). However,
Gprist knockout mice do not display any changes in pain-related behaviors compared to
wild-type controls. The significance and function of Gprisr expression in the dorsal root
ganglia remains to be determined.

A recent study found that a predicted loss-of-function variant in the Gprist gene protected
against obesity and diabetes in humans (Emdin et al., 2018). This finding indicates a role
of Gprist in metabolic control.
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Aims of the thesis

The general aim of this thesis was to characterize populations of neurons in the habenula
that have importance for understanding and treating psychiatric disease, with a special focus
on Major Depressive Disorder. Specific aims for each research paper are listed below.

I Characterize the protein expression pattern of Gprisr.
II Map the inputs to the Gprisi-expressing neuronal population.
III Investigate potential neuropeptide ligands to Gprist.

IV Detect and characterize habenular GABAergic neurons.
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Materials and methods

4 Description of materials and methods employed in this thesis

For full details on the experimental procedures, please see the corresponding materials and meth-
ods section of each paper.

4.1 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, oft
7:00 pm). A maximum of five mice or three rats were housed per cage. All animals had
reached adult age (>8 weeks old) when included in the experiments. Gprist knockout mice

(GprlsltmIDge“; paper I), where alacZ reporter gene was inserted in place of the Gprist exon,

were obtained from Deltagen (San Mateo, CA, USA). They were backcrossed to Cs7BL/6]
for eight generations. Wild type Cs7BL/6] mice and Gad2-IRES-Cre mice (paper III) were
obtained from The Jackson Laboratory (Bar Harbor, ME, USA). Wild-type Crl: W1 Wistar
rats were obtained from Charles River (Sulzfeld, Germany)

4.2 Stereotaxic surgery

In two experiments (papers Il and IV) we used stereotaxic surgery to make local injections of
adenoassociated virus (AAV) in the habenula of mice. Using a three dimensional coordinate
system, intracranial injections can be made with high precision. The mice were anesthetized
with isoflurane and placed in a stereotaxic frame. The scalp was locally anesthetized with
bupivacaine, the scull exposed, and a craniotomy was made using a dental drill. A glass
pipette pulled to a small diameter was lowered into the habenula. A small amount (<1pl)
of AAV vector was injected. Details about the viral constructs can be found in the papers.
The pipette was left in place for three minutes before it was retracted, in order to prevent
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backflow. The wound was sealed with tissue adhesive and the mice were returned to their
home cages for recovery. The gene construct carried by the AAV vectors are inactivate by
default, 7.¢ no transcription occurs (Fig. 6). In presence of Cre recombinase, the construct
becomes activated and available for constitutive transcription. Since Cre is transcribed
under the control of specific promoters (Gprist in paper II and Gadz in paper IV), the
gene of interest will only be expressed by neurons in the vicinity of the injection in which
these promoters are active. In paper II, the mice were reoperated after 21 days using the
same procedure and injected with pseudotyped rabies virus for monosynaptic retrograde
tracing.

4.3 Retrograde monosynaptic tracing with pseudotyped rabies virus

Rabies is a viral disease that affects the central nervous system and causes brain inflamma-
tion and almost always leads to death (Finke and Conzelmann, 2005). The rabies virus
is transmitted by scratches or bites from an infected animal. Once inside the body, the
rabies virus enters peripheral nerves and starts to travel in a retrograde fashion towards the
central nervous system. A certain membrane protein — rabies glycoprotein (RG) — allows
formation of new viral particles and enables it to cross synapses on its way to the brain. The
unique characteristics of the rabies virus have been exploited for tracing neuronal circuitry
(Etessami et al., 2000; Wall et al., 2010; Wickersham et al., 2007).

By deleting RG from the rabies genome, the rabies virus cannot form new viral particles,
since budding from the host cell-membrane requires RG. By replacing RG with another
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Figure 6: The double-floxed inverse open reading frame (DIO) construct.
The DIO construct has been developed to enable expression of a target gene, only in cells that also express Cre re-
combinase. The target gene (green fluorescent protein, GFP) is inserted in reverse orientation after a strong promoter
(CAG). The target gene is flanked by two recombination sites (LoxP and Lox2272) on each end. Cre is capable of in-
verting the construct either by recombination between two LoxP sites or between two Lox2272 sites, but not between
sites of different identity. After two subsequent recombinations, the resulting construct contains the target gene in
forward orientation making it available for transcription.
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envelope protein (EnvA) derived from an avian sarcoma leukosis virus, viral particles can
again be produced. These modified EnvA-coated viral particles (pseudotyped rabies virus)
are only capable of infecting cells expressing the avian sarcoma leukosis virus receptor (TVA
receptor). Natively, all mammalian cells lack the TVA receptor, but it may be specifically
expressed in certain cells using the Cre-Lox technique as described above (see section 4.2).
When pseudotyped rabies virus is injected into the brain, it is thus only capable of infecting
Cre-expressing neurons (Fig. 7). By also introducing the gene for RG into the same Cre-
expressing neurons, these cells will allow retrograde transport when infected by the pseu-
dotyped rabies virus. The viral particles exit through the dendrites of the Cre-expressing
neurons and enter the presynaptic terminals of the afferent neurons. After traveling retro-
gradely along the axon of the afferent neuron, the viral particle reaches the cytosol where it
cannot traverse additional synapses due to lack of RG expression in the afferent neuron. In
addition, the pseudotyped rabies virus carries a gene for green fluorescent protein (GFP)
which enables detection of the infected neurons. One week after injection of the pseudo-
typed rabies virus, the brains of the animals are removed and prepared for microscopy as
described below (see section 4.4).

Thus, this ingenious method enables Cre-dependent, monosynaptic, retrograde mapping
of the neurons that project onto Cre-expressing cells (Wall et al., 2010; Watabe-Uchida
et al., 2012). In paper II, we used this technique to find the monosynaptic afferents to
Gprist expressing neurons, using a Gprisi-Cre mouse line.

4.4 Fixation of mouse and rat brain tissue

Fixation is a (chemical or physical) procedure that terminates ongoing biochemical reac-
tions thereby preventing decay and preserving the tissue. The animals were deeply anes-
thetized by injection of an overdose of pentobarbital. They were thereafter perfused tran-
scardially with cold isotonic sodium chloride solution followed by buffered paraformalde-
hyde (PFA, 4%). The brains were then dissected and postfixed in 4% PFA for 24 hours
at 4°C. After postfixation, the brains were immersed in sucrose solution (25% in PBS) at
4°C for 2-3 days until osmotic equilibration had occurred. The brains were sectioned in
30-40 pm sections using a sliding microtome (Thermo Scientific HM450), cryoprotected
in antifreeze solution, and stored at -20°C until used for immunohistochemistry or 77 situ
hybridization.

4.5 In situ hybridization using RNAscope®

In situ hybridization is a method for visualizing specific mRNA molecules in tissues or
cells. We used a recently developed (Wang et al., 2012) improved iz situ hybridization
method called RNAscope®that allows specific and sensitive detection of the mRNA of in-
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Figure 7: Monosynaptic tracing of afferent neurons using pseudotyped rabies virus.

Adenoassociated viral vectors (AAV) carrying genes for the avian sarcoma leukosis virus receptor (TVA,; red) and rabies
glycoprotein (RG, yellow) enter nerve cells in the vicinity of the intracranial injection (A). The gene constructs are
activated by Cre-recombination (B; purple scissor), thus the expression of TVA and RG is targeted to Cre-expressing
neurons only. TVA and RG protein is expressed on the cell surface (C). Two weeks later, a subsequent injection of
pseudotyped rabies virus (grey) is made. The pseudotyped rabies virus lacks RG, which renders it incapable of cellular
entry. Instead it is coated in a certain envelope protein (EnvA; pink), which allows it to selectively enter cells that
express TVA. Upon TVA-mediated entry into the cell (D), the rabies vector starts replicating as well as producing green
fluorescent protein (GFP; green). The host cell express RG on its surface and allow budding of new RG-coated rabies
viral particles at the postsynaptic membrane (E). These viral particles are taken up into the presynaptic terminal of
an afferent neuron (F) and transported retrogradely towards the cell soma. The rabies virus can then not propagate
further due to the lack of RG in its genome. The rabies infected afferent neuron starts producing GFP, allowing it to
be detected in a microscope (G).

terest (Fig. 8). In brief, either fixed brain sections were mounted directly onto glass during
cryosectioning, or previously prepared free floating sections were taken from the freezer,
washed in PBS and then mounted onto the glass slides. Pretreatment and amplification in
RNAscope®2.s HD Assay — BROWN or RNAscope®Fluorescent Multiplex Assay was car-
ried out according to the manufacturer’s instructions. This iz situ hybridization assay was
used to detect Gprist mRNA in paper II, Gprist and Spx mRNA in paper III, and Gad2
and Cre mRNA in paper III.
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Figure 8: In situ hybridization using RNAscope®.
Step 1: Tissue is fixed and mounted onto microscope glass. Step 2: Specific Z-shaped probe pairs bind to the target
MRNA (~20 such pairs are used to provide a strong signal). Step 3: Amplification probes labeled with peroxidase
enzyme (for chromogenic detection) or fluorophores (for fluorescent detection) hybridize with the Z-pairs allowing
detection of the mRNA. Step 4: The signal is detected using a microscope. Image source: Wang et al. (2012) License:
Creative Commons BY-NC-ND 4.0

4.6 Immunohistochemistry of mouse and rat sections

Immunohistochemistry is a method for visualizing proteins in tissue using antibodies. After
rinsing in PBS, free floating brain sections were incubated in blocking solution containing
serum and detergent for 1 hour. The serum matched the species in which the secondary
antibodies were raised. Sections were then incubated overnight at 4°C with primary an-
tibodies diluted in blocking solution. Subsequently, sections were washed with PBS and
incubated for 2 hours at room temperature with secondary antibodies (conjugated either
with a fluorophore or biotin). Sections were then washed again in PBS and counterstained
with the nuclear stain DAPI. The sections were finally mounted on Superfrost Plus glass
and coverslipped.

For light microscopy, brain sections were incubated with a biotinylated anti-mouse sec-
ondary antibody made in horse (Vector Laboratories, Burlingame, CA, USA), followed by
incubation with avidin-biotin-peroxidase complex (VECTASTAIN Elite ABC Kit, Vec-
tor Laboratories, Burlingame, CA, USA) and 3,3’-diaminobenzidine (DAB), producing a
brown precipitate. Following the DAB reaction, sections were mounted, dehydrated in in-
creasing concentrations of ethanol followed by xylene and finally coverslipped with DPX.

Confocal fluorescent images were acquired with a Zeiss LSM700 (Zeiss, Thornwood, NY;
papers I, I1I) or a Nikon Eclipse Ti (Nikon Instruments Europe BV, Amsterdam, Nether-
lands; paper II) confocal microscope.
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4.7 Preparation of zebrafish brain tissue

In paper I, we performed immunohistochemistry for detecting Gprist in zebrafish. Two
adult zebrafish (7 months old, AB strain, kindly donated by Dr. Fredrik Ek) were rapidly
chilled in ice cold water and subsequently immersed in PFA solution for 24 hours. The
brains were then dissected and equilibrated in sucrose solution. Subsequently, the brains
were incubated in PBS containing 7.5% gelatin and 20% sucrose at 37°C for 2 hours. The
brains were then placed in gelatin-sucrose moulds and cut into blocks. The blocks were
frozen and cut in 14 pm sections on a cryomicrotome and mounted on Superfrost Plus
glass. Immunohistochemistry was performed as for mouse and rat sections except that
incubation with Gprist antibodies was performed directly on the glass.

4.8 Colocalization analysis

In paper I, we performed colocalization analysis, to quantify the spatial overlap between dif-
ferent protein molecules. Two measures were used to determine the strength and robustness
of colocalization. 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 et al., 1993). Costes’ test for statistical significance
was used to determine that the colocalization coefficients obtained were not due to random
effects (Costes et al., 2004).

4.9 Antibody characterization

The antibodies used in the studies were carefully evaluated. Only antibodies with known
specific binding to the protein of interest were chosen (verified in our lab, in prior pub-
lications or by the manufacturer). Valid methods for asserting specificity include lack of
staining in knock-out animals, detection of the expected band in western blot and co-
localization with previously validated antibodies.

Concentrations for optimal signal-to-noise ratio were obtained from the literature or deter-
mined by stainings with serial dilutions 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.

4.10 Fluo-4 calcium imaging

In the ligand screening experiments (see section 5.3), Fluo-4 calcium imaging was per-
formed in a cell line expressing Gprist together with two G proteins (Gqis and G16) to
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provide a functional readout for ligand-receptor interaction. Upon stimulation with lig-
and, a conformational change in the Gprist receptor would promote dissociation of the
GPCR/G protein complex (by guanine nucleotide exchange). G16 is a G protein that as-
sociates non-specifically to a broad range of GPCRs (Offermanns and Simon, 1995), and
elicit immobilization of intracellular calcium via the so-called Gq pathway when activated.
Gqis is a chimeric G protein that allow Gi coupled receptors that normally signals through
a cAMP depenedent pathway to instead act via the Gq pathway (Yokoyama et al., 2003).
These cells are incubated in an assay solution containing the calcium indicator Fluo-4. The
fluorescence of Fluo-4 is proportional to the concentration of intracellular calcium. This
allows relative quantification of calcium concentration using a fluorescence microscope or
plate reader.
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Summary of papers

s Summary of papers included in the thesis

5.1 Paper1

Conserved expression of the Gprist receptor in habenular axonal projections of verte-
brates.

The mRNA of the orphan G protein—coupled receptor Gprist has been demonstrated
to be highly enriched in the habenular nucleus of mice, rats and humans. In this pa-
per the aim was to investigate the protein expression pattern of the Gprist receptor using
immunohistochemistry to further characterize this population of neurons. Different poly-
clonal antibodies raised against the Gprist protein were obtained from commercial sources.
Colocalization analysis with additional immunohistochemical markers was carried out to
determine further phenotypical characteristics of the population. In order to assess the
evolutionary conservation of the neurocircuitry expressing the receptor, zebrafish (a dis-
tant vertebrate relative to rodents and humans) was also investigated. In brief, we found
that Gprist was heavily expressed in habenular axonal projections targeting midbrain and
brainstem structures including the IPN, median and dorsal raphe, rostromedial tegmental
nucleus, rhabdoid nucleus (also known as the interpedunculotegmental tract) and the dor-
sal tegmentum (Fig. 9). Colocalization analysis revealed associations between Gprist and
choline acetyl transferase (ChAT), vesicular glutamate transporters and substance P in the
target areas of the neurons. The Gprist protein expression pattern was remarkably similar
in zebrafish indicating a strong evolutionary pressure on the conservation of this system in
vertebrates.
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Figure 9: Gpr151 protein expression in the brain.
Immunohistochemical visualization of Gpr151 protein expression in coronal section of a wild-type mouse (A-J), Gpr151
knockout mouse (A1-J1) and Wistar rat (A2-J2).

5.2 Paper 1

Monosynaptic retrograde tracing of neurons expressing the G-protein coupled receptor
Gprist in the mouse brain.

The aim of this study was to extend the mapping of the Gprist expressing neurons in the
brain to also include the incoming (afferent) connections to these cells. We performed
monosynaptic retrograde tracing of Gprisi-expressing neurons using a pseudotyped rabies
virus (SADAG-eGFP(EnvA)). The SADAG-eGFP(EnvA) vector is capable of transducing
neurons expressing the avian sarcoma-leukosis virus receptor (T'VA) and being transported
retrogradely from these neurons if they also express the rabies virus glycoprotein (RG). Us-
ing a transgenic mouse line (Gprisi—Cre) and Cre dependent adenoassociated viral vectors
we selectively expressed TVA and RG in Gprisi-expressing neurons. A subsequent injec-
tion of SADAG-eGFP(EnvA) then caused infection of Gprist expressing neurons only. The
SADAG-eGFP(EnvA) was then transported monosynaptically to afferent neurons which
could be visualized by their production of enhanced green fluorescent protein (eGFP). Us-
ing this system, we detected Gprist expressing neurons in the habenula, and also a subset
of thalamic nuclei. The habenular Gprist neurons primarily received input from the diag-
onal band nucleus, medial septum, bed nucleus of stria terminalis, ventral pallidum, lateral
preoptic area, lateral hypothalamic area and entopeduncular nucleus (Fig. 10). A popula-
tion of Gprist expressing neurons in the paraventricular thalamic nucleus received input
from many of the areas giving rise to habenular projections, but also some distinct pro-
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jections from the zona incerta and medial preoptic area was evident. This population was
demonstrated to project to forebrain areas including the medial prefrontal cortex, nucleus
accumbens, zona incerta and basolateral amygdala. Third, a population of Gprist neu-
rons in the lateral thalamic nucleus received input from areas linked to visual processing
including the cingulate cortex, visual cortex, zona incerta and superior colliculus.

Figure 10: Afferents of habenular Gpr151-Cre neurons.
Coronal brain sections of a Gpr151-Cre mouse where AAV8-Ef1a-FLEX-TVA-mCherry, AAV8-CA-FLEX-RG and
SADDG-eGFP(EnvA) was injected unilaterally in the habenula. Neurons coexpressing eGFP and mCherry (starter
neurons; magenta outline) were almost exlusively located in the medial and lateral habenula. EGFP positive neurons
(green) were found throughout the brain, most notably in the medial septal nucleus, nucleus of the diagonal band,
lateral preoptic area, and the lateral hypothalamus (peduncular part). Scale bar = 1000 mm

5.3 Paper 111

Investigating spexin and related neuropeptides as possible ligands of Gprist.

In this work, the aim was to identify potential ligand candidates to Gprist. Given the
that Gprist has evolved from a common ancestor to the galanin receptor family (Liu et al.,
2010), we focused on peptides which share resemblance with galanin, namely spexin and
kisspeptin. Using iz situ hybridization, we could observe low expression of Spx mRNA in
Gprist expressing habenular neurons. Receptor activation is usually assessed by measur-
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ing the change in concentration of second messengers. However, the signaling pathway
of Gprist is currently not known. In order to avoid having to guess the second messen-
ger pathway of Gprist we took advantage of specific Ga-subunits (G16 and Gqis) that
couple unselectively to most G protein—coupled receptors and lead to activation of the in-
ositol trisphosphate (IP3) / diacylglycerol (DAG) pathway, which ultimately immobilize
intracellular calcium. The change in intracellular calcium concentration can then be mea-
sured with a calcium sensitive dye (Fluo-4). We thus obtained a commercially available cell
line that expressed Gprist together with G16 and Ggis. The cells were cultured on glass
slides and incubated with Fluo-4. The fluorescence was monitored in an epifluorescence
microscope while peptides of different concentrations were added to the wells. We could
reproduce previously reported findings (Ignatov et al., 2004) that micromolar concentra-
tions of galanin activate Gprist (Fig. 11). Similarly, spexin and kisspeptin also activated
Gprist at high concentrations. However, concentrations of this magnitude are unlikely
to occur naturally in the synapses were Gprist is present, and thus the tested peptides are
probably not endogenous ligands to Gprist.

5.4 Paper1v

Guad2 expressing interneurons in the mouse habenula.

In this study, we investigate the presence of GABAergic interneurons in the habenular
nucleus of the mouse brain. Previous studies have identified cholinergic, substance P-ergic
and glutamatergic projection neurons in the habenula. However, there has been little focus
on the intrinsic connectivity in the habenula and the presence of GABAergic interneurons
has been largely overlooked. Previous studies on GABAergic interneurons have yielded
conflicting results. One study found GABA immunoreactive neurons in the habenula of
the Squirrel monkey and another study using the same immunohistochemical technique
found only very few GABA neurons in the rat. During the preparation of this manuscript,
another research group identified GABA neurons in the lateral habenula by demonstrating
co-expression of GABA, Gad6s and vesicular GABA transporter (VGAT) (Zhang et al.,
2016, 2018). Using in situ hybridization and viral transduction in a knock-in mouse line,
we could also observe a rich repertoire of Gad2 (one of two GABA synthesizing isoenzymes)
expressing neurons in the lateral habenula, with different morphology and molecular char-
acteristics (Fig. 12). Thus, we could replicate previous findings of the existence of Gad2 ex-
pressing neurons in the habenula, but we also extend the characterization of these neurons
to show that these cells may be further divided into sub-classes based on cellular morphol-
ogy. This finding is important for the understanding of the habenular circuitry and adds
to the complexity of this intriguing nucleus.
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Figure 11: Fluo-4 calcium assay.
Receptor activation was measured as change in fluorescence upon peptide incubation, relative to the maximal re-
sponse after incubation with 10uM ATP. Galanin, spexin and kisspeptin induced calcium mobilization at high con-
centrations (30pM) but not at lower concentrations. Spexin-2 did not produce any response.
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Figure 12: Examples of spherical and neurogliaform habenular interneurons.
3D reconstructions of habenular Gad2 expressing spherical neurons (A) and neurogliaform neurons (B). Scale bar =
10pm.
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Discussion

The aim of the work described in this thesis was to extend the characterization of habe-
nular neuronal populations and associated circuitry, with a special focus on the role of the
habenula in depression.

6 Gprist expression in habenular targets in the midbrain and brain-
stem

Prior to our research, the orphan receptor Gprist was identified and its mRNA was found
to be highly enriched in the habenula (Vassilatis et al., 2003; Ignatov et al., 2004; Berthold
et al., 2003). The idea of taking advantage of this G protein—coupled receptor to specifi-
cally modulate habenular activity inspired our first study (see section 5.1) where the protein
expression pattern of Gprist was investigated. Using a commercially available antibody
and conventional immunohistochemistry, the expression of Gprist protein was assessed
throughout the brain of mouse, rat and zebrafish. This comparative approach was adopted
in order to assess the degree of conservation on a neuroanatomical level. In all of the ex-
amined species, strong expression of Gprist was observed in fibers originating in habenula,
that travelled through fasciculus retroflexus and terminated in the IPN and a number of
distinct brainstem nuclei (Fig. 13).

IPN

The IPN is one of the areas of the brain with the densest cholinergic innervation (Woolf and
Butcher, 1985). These cholinergic fibers originate in the ventral medial habenula, basal fore-
brain areas including the nucleus of the diagonal band of Broca, preoptic area, medial septal
nucleus, substantia innominata and nucleus basalis, as well as hindbrain areas including the
laterodorsal- and pendunculopontine tegmentum. In Paper I (see section 5.1), we observed
strong Gprist immunoreactivity in the cholinergic part of the medial habenula. We also
performed colocalization analysis between choline acetyltransferase (ChAT) and Gprist
immunoreactivity in the IPN, which confirmed the expression of Gprist in cholinergic
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Figure 13: Connections of Gpr151-expressing habenular neurons in rodents.

Brain structures containing neurons that synapses onto Gpr151-expressing habenular neurons (green) include the
medial septum (MS), nucleus of the diagonal band of Broca (NDB), lateral preoptic area (LPO), lateral hypothalamic
area (LHA), bed nucleus of the anterior commissure (BAC), entopeduncular nucleus (EP) and the bed nucleus of stria
terminalis (BST). The afferent fibers travel primarily in the stria medullaris (sm; purple) before reaching the medial
and lateral habenula (MHb, LHb; blue). The efferent projections travel through the fasciculus retroflexus (fr; purple)
in a ventral-caudal direction towards different brainstem areas (red) including the IPN (IPN), rostromedial tegmental
nucleus, rhabdoid nucleus (Rbd), median (MnR) and caudal dorsal raphe (cDR) as well as the pontine central grey
(PCG).

fibers. Cholinergic transmission in the IPN has been observed to modulate dopaminergic
turnover in the nucleus accumbens and prefrontal cortex, areas highly involved in motiva-
tion and reinforcement learning (Nishikawa et al., 1986). Hyperactivity in the cholinergic
habenulointerpeduncular pathway could thus be one potential factor contributing to the
anhedonia observed in depression. Fontes (2015) observed that shRNA-mediated inhibi-
tion of Gprist expression in these fibers led to increased sensitivity to nicotine. Whether
Gprist expression in the habenulointerpeduncular fibers plays any role in depressive like
behavior is not known.

Rostromedial tegmental nucleus

The inhibitory influence that the lateral habenular nucleus exerts on dopaminergic neurons
in the VTA (Christoph et al., 1986; Ji and Shepard, 2007) was long a mystery since the
direct innervation of habenular neurons onto ventral tegmental neurons is quite sparse and
mainly excitatory (Omelchenko et al., 2009). The missing link was then found a decade
ago: the GABAergic mesopontine rostromedial tegmental nucleus (sometimes refered to as
the tail of the VTA) receives its main input from the lateral habenula and sends inhibitory
projections onto dopaminergic VTA neurons (Jhou et al., 2009b). Functionally, the the
rostromedial tegmental nucleus has since been implicated in adaptation to adverse events
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and avoidance behavior (Elmer et al., 2018; Stamatakis and Stuber, 2012; Jhou et al., 2009a).
In Paper I (see section s5.1) significant protein expression of Gprist was observed in axon
terminals in the rostromedial tegmental nucleus. This implies that modulation of Gprist
may influence VTA dopamine circuitry, via this GABAergic relay.

Rhabdoid nucleus / interpedunculotegmental tract of Ganser

In 1882, the psychiatrist and neuroanatomist Dr. Sigbert Ganser, investigated the nervous
system of the mole and identified a fiber tract that he named ”die Haubenbahn des Gan-
glion interpedunculare” (Ganser, 1882). This tract, later referred to as the interpeduncu-
lotegmental tract of Ganser, displays strong acetylcholinesterase activity as well as substance
P immunoreactivity and is nowadays regarded as a pathway between the IPN and the me-
dian raphe, dorsal raphe and the caudal central grey (Groenewegen et al., 1986). In our
material (see section 5.1), we observed dense expression of Gprist in this tract and in the
mentioned target areas. Since Gprist mRNA is mainly expressed in the habenula and not
in the IPN, it can be concluded that some of the fibers of the interpedunculotegmental
tract originate in the habenula. Some authors use the name rhabdoid nucleus, referring to
the elongated (from Greek rhabdoiedes — "like a rod”) shape of this structure (Paxinos and
Watson, 2006). Whether this structure is best described as a proper nucleus or a fiber tract
remains an open question. A recent paper suggests that axons from the interpeduncular
neurons form synapses in the rhabdoid nucleus (Morton et al., 2018). It would also be in-
teresting to investigate whether Gprist axons from the habenula form synapses within this
structure.

Raphe nuclei

The median and dorsal raphe contain the majority of the serotonergic neurons in the brain.
In the dorsal raphe, both serotonergic and non-serotonergic neurons area activated upon
reward (Li et al., 2016). The median raphe has been implicated in anxiety (Andrade et al.,
2013) and fear memory consolidation (Wang et al., 2015). The antidepressive class of sub-
stances known as the serotonin reuptake inhibitors (SSRIs) targets these systems and the
raphe nuclei are thus highly interesting from a psychiatric viewpoint. Gprist protein ex-
pression was found to be exceptionally high in the median raphe, and to a lesser degree
the dorsal raphe (see section 5.1). Additionally, Gprisi-expressing neurons in the habenula
appeared to receive reciprocal innervation from these structures (see section 5.2). Recently,
a study assessing the resting state functional connectivity between the habenula and raphe
nuclei observed greater functional coupling in patients with treatment resistant depression
(Gosnell et al., 2018). If Gprist is involved in modulating the activity in this circuitry,
a Gprist ligand could have therapeutic effects for this group of patients, where effective
treatment is currently lacking.
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7 Convergence of basal forebrain input onto Gpris1 expressing
habenular neurons

The retrograde tracing experiment described in paper II (see sections.2) was designed to
investigate if Gprist positive neurons in the habenula received input from any specific brain
area. This was however not the case. Instead, all areas that previously have been described
as habenular afferent structures (Qin and Luo, 2009; Yetnikoff et al., 2015; Herkenham and
Nauta, 1977), were found to contain neurons that contact Gprisi-expressing cells in the
habenula.

Basal forebrain

A great number of afferents to the Gprisi-expressing habenular neurons was observed in
basal forebrain areas such as the triangular and medial septum, bed nucleus of the anterior
commissure and diagonal band of Broca. The triangular septum has long been recognized
as one of the main inputs to the medial habenula, and consists of both glutamatergic and
purinergic projections (Qin and Luo, 2009; Sperldgh et al., 1998). Ablation of this pro-
jection has anxiolytic effects in mice (Yamaguchi et al., 2013). The medial septum and the
diagonal band of Broca provide GABAergic innervation to the ventral part of the medial
habenula, that is both excitatory (mediated by GABAA-receptors) and inhibitory (medi-
ated by GABAg-receptors) (Choi et al., 2016). This region of the medial habenula, where
Gprist expression is dense, also receives input from the bed nucleus of the anterior com-
missure and it has been implicated in fear response and fear learning (Yamaguchi et al.,
2013). Gprist expression in habenular neurons receiving input from these basal forebrain
areas suggest a possible modulatory role of Gprist in fear and anxiety related behaviors.

Lateral preoptic — lateral hypothalamic continuum

Herkenham and Nauta (1977) provided a detailed map of habenular afferents in the rat.
The authors noted that the majority of the neurons projecting the lateral habenula resided
in a continuous band, stretching from the lateral preoptic area to the rostral one third of
the lateral hypothalamic area. Injection of anterograde tracer in different parts of this band
results in distinctive termination patterns in the lateral habenula, suggesting topographic
correspondence between the LPO-LHA continuum and the lateral habenular subnuclei
(reviewed in Zahm and Root, 2017). The habenula-projecting neurons in the lateral hy-
pothalamus appears to be of a combined glutamatergic/ GABAergic phenotype and capable
of modulating feeding and avoidance behavior (Stamatakis et al., 2016). In our material,
afferents to Gprisi-expressing habenular neurons were observed in great numbers through-
out the LPO-LHA continuum. The functional topography of the LPO-LHA continuum
remains one important open research question in habenula research.
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Basal ganglia

The globus pallidus interna (corresponding to the entopeduncular nucleus in rodents) pro-
vides dense projections to lateral habenular neurons (Herkenham and Nauta, 1977). Stim-
ulation of these projections produce both inhibitory (GABAergic) and excitatory (gluta-
matergic) currents in lateral habenular neurons. A recent paper dissected this circuitry fur-
ther showing that the lateral habenula is likely the only target of excitatory neurons in the
entopeduncular nucleus (Wallace et al., 2017). Two distinct populations, a somatostatin ex-
pressing glutamatergic/ GABAergic projection, and a parvalbumin expressing glutamatergic
projection was identified. This pallidohabenular projection appears to be inhibited by un-
expected rewards and activated by unexpected loss in monkeys (Hong and Hikosaka, 2008).
In rodents this projection produce aversive effects when activated (Shabel et al., 2012) and
interestingly, the balance of glutamatergic/ GABAergic co-release is shifted towards a more
glutamatergic phenotype in a model of depression and during cocaine withdrawal (Shabel
et al., 2014; Meye et al., 2016). The balance between glutamate and GABA can be restored
by administration of citalopram, a common SSRI antidepressant. The habenular neurons
receiving input from the entopeduncular nucleus project to the rostromedial tegmental
nucleus, an area rich in Gprist immunoreactivity (Meye et al., 2016).

8 Gpris1 expression in the paraventricular thalamic nucleus and
its targets

Although Gprist protein expression was only detectable in habenular axons in Paper I (see
section 5.1), we subsequently identified thalamic neuronal populations that may exhibit low
or transient mRINA expression of Gprist (see section 5.2). Gprist mRNA expression in the
paraventricular thalamic (PV) nucleus has previously been reported (Ignatov et al., 2004;
Wagner et al., 2014a) which prompted us to investigate the connectivity of this popula-
tion. The afferent input to the Gprisi-expressing neurons in the paraventricular thalamic
nucleus was in part similar to the input to the habenular population as afferent neurons
were observed in the LPO-LHA continuum and in the diagonal band of Broca. The major
inputs to the Gprisi-expressing PV population however, was observed throughout the me-
dial hypothalamus and the zona incerta. The efferent connectivity of the Gprisi-expressing
PV population was strikingly different from the habenular population. Four major projec-
tion targets were identified: the prelimbic cortex, basolateral amygdala, nucleus accumbens
and zona incerta. These ascending projections are not shared with the habenular Gprist
population which instead projects exclusively towards the ventral midbrain and brainstem.
The PV has recently been implicated in opiate addiction and withdrawal (Matzeu et al.,
2014; Zhu et al., 2016), and given that Gprist appears to mediate sensitivity to nicotine it
is tempting to speculate that this receptor may play a broader role in addiction.
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9 Endogenous ligand of Gprist

Neuroanatomical studies of the afferent and efferent projections of Gprisi-expressing neu-
rons may only provide hints to what functions this receptor might be involved in. Identi-
fying molecules that can modulate the signaling of the receptor (so called ligands), would
allow a much more detailed functional characterization of Gprist in normal physiology and
disease.

Several efforts to identify such ligands to Gprist have been performed (Ignatov et al., 2004;
Qin, 2011; Fontes, 2015; Holmes et al., 2017). Galanin was observed to activate Gprist
(at high concentrations) in one heterologous cell assay (Ignatov et al., 2004). However,
this finding could not be confirmed using a different cell line (Holmes et al., 2017). Some
peptide fractions of porcine brain extracts were also observed to activate Gprisi, although
the identity of the peptides in these fractions were never reported (Qin, 201r1).

Given that Gprist shows structural similarities to members of the galanin receptor family
and that galanin is the only identified peptide that to this date have been shown to be
capable of activating Gprist we chose to investigate close relatives to this neuropeptide.
Spexin and kisspeptin are two peptides that co-evolved with galanin (Kim et al., 2014).
Two cleavage products, called spexin (or spexin-1) and spexin-2 can be derived from the
spexin prohormone. Interestingly, we observed a weak expression of spexin mRNA in
most Gprisi-expressing habenular neurons (see section 5.3). Spexin and kisspeptin was
found to elicit functional activation of Gprist in a heterologous cell assay, but only at non-
physiological micromolar concentrations. Incubation with spexin-2 did not result in any
observable effect at any concentration.

The results from our pilot study thus suggest that Gprist has lost aflinity to the peptides in
the galanin/spexin/kisspeptin family during the evolutionary history of the receptor.

A recent study mapping the neuropeptidome of the rat habenular nucleus has compiled a
list of neuropeptides present in the habenula (Yang et al., 2018). Applying similar methods
to areas enriched in Gprist protein expression, for example the IPN, could lead to the
discovery of new ligand candidates.

Fontes (2015) quantified cyclic adenosine monophosphate (cAMP) in the IPN of Gprist
knockout mice. An increase in cAMP was observed, indicating that Gprist may be coupled
to a G protein of the Gi class. Using an online tool (PRED-COUPLE 2.00) for predicting
coupling specificity between a GPCR and four different G protein classes (Gs, Gq, Gi
and Gr12/13) using Hidden Markov Models, we analyzed the Gprist protein sequence in 12
vertebrate species (Sgourakis et al., 2005). An association between Gprist and the Gi class
of G proteins was consistently predicted (Fig. 14).

It is thus possible that an assay measuring activation of the Gi-pathway could be a better
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Figure 14: Prediction of the G protein coupling of Gpr151.
PRED-COUPLE2 generated posterior probability (0 to 1) that Gpr151 couples to the four G protein classes.

choice as a functional readout for this receptor than the calcium immobilization assay used
in our work (see section 5.4). The expression of specific G protein subunits or other factors
that could impact the intracellular signaling cascade may also be needed in future assays in
order to reliably query the signaling mechanisms of Gprisi.

10 Characterization of GABAergic interneurons in the habenula

There have been conflicting reports about the presence of GABAergic interneurons in the
habenula. The combination of a knock-in mouse strain expressing Cre recombinase under
control of the Gad2 promoter and adenoassociated virus mediated expression of a Cre-
dependent fluorescent reporter provided a sensitive method of labeling Gad2 expressing
neurons in the habenula. Using this approach we could identify different classes of (pre-
sumably) GABAergic neurons in the lateral habenula, based on morphological and neu-
rochemical characteristics (see section 5.4). Synaptic boutons observed within the lateral
habenular nucleus indicated that at least a part of the Gad2-expressing neurons were in-
terneurons. This picture gets more complicated by the findings of two recent papers. Zhang
et al. (2018) demonstrated that lateral habenular GABAergic neurons can produce branch-
ing axons both terminating in the habenula itself but also leaving the habenula through the
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fasciculus retroflexus. A paper investigating neurons with mixed glutamatergic/ GABAergic
phenotypes showed that most Gad-expressing neurons in the lateral habenula also express
VGlut2, a marker expressed by some glutamatergic neurons (Root et al., 2018). How the
GABAergic neuronal population in the lateral habenula modulate the activity within and
outside the habenula, and the impact of the balance between glutamate and GABA, remains
an intriguing open research question.

44



Concluding remarks and future
perspectives

Numerous studies have demonstrated dysfunction and alterations in volume of the habe-
nula in patients with depression, leading to the idea that the habenula and its related neu-
rocircuitry could provide a promising target for novel treatment strategies. Around 8 years
ago initial pilot experiments of directly modulating the habenula in human patients using
deep brain stimulation (DBS) was performed and yielded promising results, but since then
there have been no follow-up studies of this sort (Sartorius et al., 2010).

The need of less invasive techniques for modulating habenular activity sparked our interest
in an orphan G protein—coupled receptor known as Gprist, which exhibits a remarkably
high and almost exclusive expression in the habenula. We performed a careful characteri-
zation of the connections of the Gprist expressing neurons and could thus provide a map
of the brain areas that are likely modulated by the Gprist receptor (see sections 5.1 and 5.2).
However, this map can only provide hints to what functions Gprist may have in normal
physiology and disease. A limiting factor in studying Gprist function is that no ligands
have been identified. To this end, we investigated the functional activation of Gprisr after
incubation with a few neuropeptides similar to galanin, the only molecule that have been
demonstrated to activate Gprist (Ignatov et al., 2004). Unfortunately, neither galanin, nor
its relatives spexin and kisspeptin appears to activate Gprist at physiological concentrations
(see section 5.3).

The presence of GABAergic interneurons in the habenula has been disputed. In this thesis,
we provide evidence of Gad2-expressing neurons in the lateral habenula and show that this
set of neurons may be further subclassified using neurochemical and morphological criteria
(see section 5.4). A recent set of papers, supports our findings of GABAergic interneurons in
the lateral habenula, but also indicate a great complexity in that some of these neurons may
produce both local and long-range projections (Zhang et al., 2018, 2016) and that some
are of a mixed inhibitory/excitatory phenotype (Root et al., 2018). How these differents
GABAergic habenular populations modulate habenular activity and if these neurons have
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any role in psychiatric disease remain unexplored.

The work described in this thesis is a small contribution to the understanding of the in-
triguingly complex habenular nucleus. Whether the habenula may provide a future target
for treating depression is an open question, but as our knowledge about the habenula is
extending at an accelerating pace, the answer may be within reach.
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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, $2, B3 or f4 nAChRs) (Gérlich et al., 2013; Hsu
et al., 2013; Sheffield et al., 2000). Importantly genetic variants in the CHRNAS-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
GPRI151 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
GPRI51 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 gpri151-like gene
(LOC100538082 and LOC565170), which share homology with human GPR151 (54%
DNA sequence identity). While the in situ hybridization mRNA pattern of Gpr/51 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 Gpr/5/ 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 acetylcholine,
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
(GPR151m1Dgen RRID:MGI_MGI:3606630), where a lacZ reporter gene was inserted in
place of the Gpri51 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 Gpri51 =/~ 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 ym 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 yg/ml in PBS for 10 minutes. The sections were then mounted on Superfrost
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Plus glass (Menzel-Gliser, 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_ZL1) 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 ym transverse sections on a cryomicrotome and mounted on Superfrost Plus
glass (Menzel-Gliser, 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

Gpri5l =/~ 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 VGLUT] polyclonal antibody (135 303, Synaptic Systems) is generated
against Strep-Tag® fusion protein of rat VGLUT1, 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 VGLUT] protein
(Takamori et al., 2000). No staining was observed in VGLUT1™~ mice (Wojcik et
al., 2004).

Guinea pig VGLUT!1 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 VGLUT]1 polyclonal
antibody in rat striatum and cortex (Wouterlood et al., 2012).
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Rabbit VGLUT?2 polyclonal antibody (135 403, Synaptic Systems) is raised against
Strep-Tag® fusion protein of rat VGLUT?2, containing amino acid residues 510—
582
(EKQPWADPEETSEEKCGFIHEDELDEETGDITONYINYGTTKSYGATSQENGG
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 VGLUT?2, containing amino acid
residues 510-582
(EKQPWADPEETSEEKCGFIHEDELDEETGDITONYINYGTTKSYGATSQENGG
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-Carriere
et al., 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 (10xg/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 f-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. I 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 EF). 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 IJ). 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 GPRI151 has been preserved during evolution but that one copy of the probable
Gprl51-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 Gprl51-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, Gpr151 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
Gprl151 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 MHbD can be subdivided in a ventral (VMHDb) and a dorsal
(dMHD) 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 vMHD (Fig. 3C-E, M-0), but not in the SP expressing dMHb (Fig. 3B, F-H, P—
R). In Gpri51~/~ mice, where the bacterial lacZ reporter gene is expressed under the control
of the Gpri151 gene regulatory sequences, fGal immunoreactivity was confined to habenular
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cell bodies (Fig. 3A). In the MHDb BGal-positive cells were only detected in vMHDb,
consistent with in situ hybridization reports for Gpr/51 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), fGal-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
(IPI) and lateral IPN (IPL) was also observed (Fig. 4,5.,6). It has been shown that the
vesicular glutamate transporter VGLUT! 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 VGLUT!1 (Fig. 4I-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 VGLUT]1 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. SA-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 VGLUT?2 (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 (VGLUT2) (Aizawa et al., 2012), we performed double labeling for
this transporter and GPR151. Colocalization was indeed observed in terminals located in the
RMTyg (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 immunoreactivity 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 Gpri151~/~ mice. Consistent with Gpr151 mRNA expression (Aizawa et al., 2012) we
observed immuno BGal 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 Gprl51 in situ hybridization signal (Aizawa et al., 2012) and lacks fGal
immunoreactivity in Gpr151~/~ 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 MHDb 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 VGLUT1 (Fig. 4). This is consistent with the fact that GPR151 is
highly enriched in cholinergic neurons located in the ventral medial habenula (Gorlich et al.,
2013; Aizawa et al., 2012; Fig. 3) that project mainly to the IPC and co-release glutamate
(Renet 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.

J Comp Neurol. Author manuscript; available in PMC 2016 February 15.

79



1duosnuepy JouIny Vd-HIN 1duLosnuep JouIny Vd-HIN

1duosnuey Joyiny vd-HIN

Broms et al. Page 14

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 Gpri51 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 MHDb, but this region is devoid of Gpri51 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 5 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

4v

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 Central subnucleus of the medial part of the LHb
LHbMMg Marginal subnucleus of the medial part of the LHb
LHbMPc Parvocellular subnucleus of the medial part of the LHb
LHbMS Superior subnucleus of the medial part of the LHb
MHb Medial habenula
mlf Medial longitudinal fasciculus
MnR Median raphe nucleus
PDTg Posterodorsal tegmental nucleus
PMnR Paramedian raphe nucleus
Rbd Rhabdoid nucleus
RMTg Rostromedial tegmental nucleus
scp Superior cerebellar peduncle
vIPN Ventral part of the interpeduncular nucleus
vMHb Ventral part of the medial habenula
VTA Ventral tegmental area
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Figure 1. GPR151 is localized in habenular axonal projections in 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 (I-J, 12-J2). GPR151 immunoreactivity is completely absent in Gprl51~/~ mice (Al—
J1). Scale bar: 500 ym in A-J, 1000pm 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 p-

galactosidase reporter contained in the Gpri51 gene deletion vector employed to generate
Gprl51~'~ mice. B-galactosidase positive cells are located mainly in the vMHDb 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,] 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,0,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 ym.
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Figure 4. GPR151 i eactive 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 (VGLUT], green in J-L N-P). Colocalization of GPR151 and ChAT
and GPR151 and VGLUT!]1 is observed in the rostral and central part of the IPN. Scale bar:
100 ym. 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 ym.
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Figure 5. GPR151 habenular neurons do 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 gm.
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Figure 6. GPR151 habenular neurons project to the IPN, dorsal 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: 100um.
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Figure 7. GPR151, substance P and VGLUT2 expression in the rhabdoid nucleus

Coronal sections of mouse (A-E, K-O) 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: 100ym in A—C, F-
H,K-M, P-R; 50pym in D, I, N, S; 10yum in E,J, O, T.
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Figure 8. GPR151 immunoreactive 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 (VGLUT2, 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 ym
in A—-C, E-G; 10ym in D H.

J Comp Neurol. Author manuscript; available in PMC 2016 February 15.

96



1duosnuepy JouIny Vd-HIN 1duLosnuep JouIny Vd-HIN

1duosnuey Joyiny vd-HIN

Broms et al.

Page 31

Merged

Merged

Merged

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; 50pm 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 Spg/ml
Mouse Donkey CyS 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  3pg/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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Abstract

GPR151 is a G-protein coupled receptor for which the endogenous ligand remains unknown. In
the nervous system of vertebrates, its expression is enriched in specific diencephalic structures,
where the highest levels are observed in the habenular area. The habenula has been implicated in
a range of different functions including behavioral flexibility, decision making, inhibitory control,
and pain processing, which makes it a promising target for treating psychiatric and neurological
disease. This study aimed to further characterize neurons expressing the Gpr151 gene, by tracing
the afferent connectivity of this diencephalic cell population. Using pseudotyped rabies virus in a
transgenic Gpr151-Cre mouse line, monosynaptic afferents of habenular and thalamic Gpr151-
expressing neuronal populations could be visualized. The habenular and thalamic Gpr151 systems
displayed both shared and distinct connectivity patterns. The habenular neurons primarily received
input from basal forebrain structures, the bed nucleus of stria terminalis, the lateral preoptic area,
the entopeduncular nucleus, and the lateral hypothalamic area. The Gpr151-expressing neurons in
the paraventricular nucleus of the thalamus was primarily contacted by medial hypothalamic areas
as well as the zona incerta and projected to specific forebrain areas such as the prelimbic cortex
and the accumbens nucleus. Gpr151 mRNA was also detected at low levels in the lateral posterior
thalamic nucleus which received input from areas associated with visual processing, including the
superior colliculus, zona incerta, and the visual and retrosplenial cortices. Knowledge about the
connectivity of Gprl51-expressing neurons will facilitate the interpretation of future functional
studies of this receptor.

KEYWORDS
habenula, rabies, thalamus, RRID: IMSR_JAX:000664, RRID: IMSR_JAX:024109, RRID:
AB_10743815, RRID: AB_2571870, RRID: SCR_003070

fish (Amo et al., 2010). In the mouse brain, the medial habenula receives
input from the medial septal nucleus, the triangular nucleus of septum,

The habenula is a paired epithalamic brain region whose structure and
connectivity are largely conserved throughout the vertebrate subphy-
lum (Bianco & Wilson, 2009; Diaz, Bravo, Rojas, & Concha, 2011;
Stephenson-Jones, Floros, Robertson, & Grillner, 2011). In mammals, it
can be further divided into two major subnuclei designated the medial

and lateral habenula, homologous to the dorsal and ventral habenula in

the nucleus of the diagonal band, the bed nucleus of the anterior com-
missure, and the septofimbrial nucleus (Qin & Luo, 2009). The efferent
axons from the medial habenula form the core of the fasciculus retro-
flexus fiber bundle and terminate in the interpeduncular nucleus. The
afferent projections to the lateral habenula have not been investigated
in detail in the mouse brain. In rats however, the most prominent

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2017 The Authors The Journal of Comparative Neurology Published by Wiley Periodicals, Inc.
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afferent connections arise in the lateral preoptic area, the entopeduncu-
lar nucleus and the lateral hypothalamic area, and to a minor extent in
the lateral septal nucleus, the nucleus of the diagonal band, the prefron-
tal cortex, the median raphe, and the ventral tegmental area (Greatrex
& Phillipson, 1982; Herkenham & Nauta, 1977; Vertes, Fortin, & Crane,
1999; Warden et al., 2012). Fibers from the lateral habenular neurons
travel in the outer layer of fasciculus retroflexus and terminate primarily
in the hypothalamus, the ventral tegmental area, the rostromedial teg-
mental nucleus, the rhabdoid nucleus, the median and dorsal raphe
nuclei, and the pontine central gray (Broms, Antolin-Fontes, Tingstrom,
& Ibanez-Tallon, 2015; Quina et al., 2014).

The habenula has been implicated in several apparently distinct
brain functions, such as maternal behavior (Corodimas, Rosenblatt, &
Morrell, 1992), aggressive behavior (Chou et al., 2016; Golden et al.,
2016), social play (van Kerkhof, Damsteegt, Trezza, Voorn, & Vander-
schuren, 2013), drug seeking (Jhou et al., 2013), noxious substance
aversion (Donovick, Burright, & Zuromski, 1970; Fowler & Kenny,
2013), decision making (Stopper & Floresco, 2013), behavioral flexibil-
ity (Baker, Raynor, Francis, & Mizumori, 2016), and pain modulation
(Shelton, Becerra, & Borsook, 2012). Subdivision of the habenular com-
plex into smaller regions, defined by the expression of certain mole-
cules or neuronal connectivity patterns, is a necessary strategy for
deepening our understanding of its role in physiology and disease. This
approach has been useful to target neuronal subpopulations and inves-
tigate their anatomical and functional features, especially in the medial
habenula (Chou et al.,, 2016; Gardon et al., 2014; Hsu, Morton, Guy,
Wang, & Turner, 2016; Hsu et al., 2014; Kobayashi et al., 2013).

G-protein coupled receptor 151 (GPR151; also known as PGR7,
GALR4, GPCR-2037, and galanin-receptor like) is an orphan receptor
phylogenetically related to the galanin receptor family (Berthold, Collin,
Sejlitz, Meister, & Lind, 2003; Ignatov, Hermans-Borgmeyer, & Schaller,
2004; Vassilatis et al., 2003). In this work, we use capital letters to refer
to GPR151 protein while the term Gpr151 is used for mRNA, promoter
or gene. In a previous study using immunohistochemistry, we found
that the protein expression of GPR151 was limited to habenular neu-
rons targeting the interpeduncular nucleus, the rostromedial tegmental
nucleus, the rhabdoid nucleus, the median raphe, the caudal dorsal
raphe, and the dorsal tegmentum in rats and mice (Broms et al., 2015).
The protein expression pattern was similar in zebrafish, with strong
expression in habenular projections to the interpeduncular nucleus and
ventral median raphe, and this distinct and phylogenetically conserved
expression pattern suggests an important role of GPR151 in modulat-
ing habenular function.

Weak Gpr151 mRNA expression can also be detected in various
thalamic areas such as the paraventricular, the reunions, the rhomboid,
the central lateral, and the parafascicular nuclei (Ignatov et al., 2004;
Lein et al., 2006; Wagner, French, & Veh, 2014). Surprisingly, these
structures display no or very weak immunohistochemical staining of
GPR151 protein (Broms et al., 2015). In a recent study, specific ablation
of adult neurons exhibiting Gpr151 promoter activity resulted in several
behavioral alterations, such as increased anxiety, inability to habituate
to repeated exposure to a novel environment, increased impulsivity,
impaired pre-pulse inhibition, and spatial memory deficits (Kobayashi

et al., 2013). Decision making was also affected, where lesioned mice
preferred effortless and immediate small rewards over larger rewards
that required the animals to either wait longer for the reward or to
climb an obstacle. The observed behavioral changes were accompanied
by structural and neurochemical remodeling of the habenulo-
interpeduncular system. The authors concluded that the Gpr151-
expressing neurons may play an important role in inhibitory control and
cognition-dependent executive functioning (Kobayashi et al., 2013).

In addition to the expression in the above mentioned juxtaposed
diencephalic brain regions of the brain, Gpr151 mRNA is also detected
in certain sensory ganglia and cranial nerve nuclei (Ignatov et al., 2004).
In the spinal nerve ligation model of chronic neuropathic pain and in a
model of heat induced pain, the expression of Gpri51 mRNA was
strongly upregulated in dorsal root ganglia (Reinhold et al., 2015; Yin,
Deuis, Lewis, & Vetter, 2016). Gpr151 mRNA expression is also
increased in the facial nucleus of the brainstem in response to damage
of the facial nerve (Gey et al, 2016). These findings suggest that
GPR151, besides having a possible role in modulation of habenulo-
thalamic functions, might also be important for pain modulation in cra-
nial and peripheral nerves. However, a recent study utilizing mice carry-
ing a Gprl51 loss-of-function mutation could not confirm this
hypothesis (Holmes et al., 2017).

In a previous investigation (Broms et al., 2015), we characterized
the efferent connectivity of habenular neurons expressing the GPR151
protein using immunohistochemistry. The aim of the current study was
to identify the afferent regions projecting to Gpr151-expressing neu-
rons using monosynaptic pseudotyped rabies virus tracing, to gain fur-
ther knowledge about this diencephalic neuronal subpopulation. Using
pseudotyped rabies virus, Gpr151-expressing neurons can be targeted
specifically, avoiding some of the problems associated with conven-
tional tracers, such as uptake in fibers of passage and diffusion of tracer
to neighboring structures (Watabe-Uchida, Zhu, Ogawa, Vamanrao, &
Uchida, 2012; Wickersham et al., 2007). A detailed anatomical charac-
terization of the input and output of Gpr151-expressing neurons could
facilitate future functional studies of this orphan receptor.

2 | MATERIALS AND METHODS

2.1 | Nomenclature

In this article, we will primarily use the nomenclature and area delinea-
tions (Table 1) of Franklin and Paxinos (2008). We use the nomencla-
ture of Wagner, Stroh, and Veh, (2014) for the subnuclear organization
of the habenula. The categorization of brain areas was done according
to the hierarchy of the Allen Mouse Brain Atlas (Lein et al., 2006).

2.2 | Animals

All procedures described in the current investigation been approved by
the Malmo-Lund Ethical Committee for the use and care of laboratory
animals (permit no. M37-16). The Tg(Gpr151-Cre)#lto transgenic
mouse line containing random insertion of bacterial artificial chromo-
some (BAC) clone MSMg01-81G4 (Kobayashi et al., 2013) was kindly
provided by Dr. Itohara (Laboratory for Behavioral Genetics, RIKEN
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Brain Science Institute, Saitama, Japan) and maintained on a C57BL/6)J
background (RRID:IMSR_JAX:000664). To identify individual mice car-
rying the Cre recombinase allele, polymerase chain reaction genotyping
was performed (Transnetyx, Cordova, TN) using the proprietary “CRE"
probe set.

A total number of 46 adult (11-14 weeks old) mice was used in
the experiment. Wild type litter mates (Cre-negative) were used as
negative controls. The mice were housed in groups of two to six ani-
mals with free access to standard lab chow and water, in an air condi-
tioned room at 22-23°C with a standard 12-hr light/dark cycle (lights
on 07:00 a.m., off 07:00 p.m.). The cages (1284L Eurostandard Type Il
L, Techniplast, Italy) were enriched with aspen wooden bedding and
nesting material.

2.3 | Retrograde Cre-dependent tracing using
pseudotyped rabies virus

Monosynaptic tracing of the afferents of Cre-expressing neurons (Call-
away & Luo, 2015; Watabe-Uchida et al., 2012) was carried out in two
steps. First, Cre-dependent expression of an avian sarcoma-leukosis
virus receptor (TVA) fused to the fluorescent protein mCherry (TVA-
mCherry) and rabies glycoprotein (RG) was achieved by an intracerebral
injection of adeno-associated virus (AAV) vectors. Second, SADAG-
eGFP(EnvA), a glycoprotein-deleted (AG) rabies vector pseudotyped
with avian sarcoma-leukosis virus envelope protein (EnvA) was
injected. In Cre-expressing neurons, TVA-mCherry then becomes
expressed and acts as an entry receptor for the EnvA coated rabies
vector, while infection should not be possible in TVA-negative neurons.
RG allows budding of the viral particle and transsynaptic transport to
afferent neurons. The rabies vector also carried the gene for enhanced
green fluorescent protein (eGFP), allowing detection of infected neu-
rons. We will hereafter refer to Cre-positive and TVA-mCherry/RG-
expressing neurons that were infected by SADAG-eGFP(EnvA) as
starter neurons. The eGFP-positive/TVA-mCherry-negative afferent
neuronal populations lack expression of RG which prohibits further
propagation of the rabies virus (Figure 1).

The three AAV vectors, AAV8-Efla-FLEX-TVA-mCherry, AAV8-
CA-FLEX-RG, and AAV8-hSyn1-FLEX-mCherry, were obtained from
the UNC Vector Core (University of North Carolina at Chapel Hill, NC).
The FLEX-switch makes these three vectors Cre-dependent by allow-
ing one stable Cre-mediated inversion of the reversed transgene
sequence (Atasoy, Aponte, Su, & Sternson, 2008). SADAG-eGFP(EnvA)
was obtained from the Gene Transfer, Targeting and Therapeutics
Core (GT3) at Salk Institute (La Jolla, CA) and from Dr. Meletis at Karo-
linska Institute (Stockholm, Sweden).

Gpr151-Cre mice (n=238) and wild type controls (n=5) were
anesthetized with isoflurane (induction at 5% and maintenance at 1-
2%) and placed in a stereotaxic frame. The scalp was locally anesthe-
tized with bupivacaine (0.25%) and the skull exposed. After adjusting
the skull to a horizontal position, a hole was drilled through the skull,
exposing the brain surface. Using a thin glass pipette, 0.6 pl of a 1:1
mixture of AAV8-Efla-FLEX-TVA-mCherry (5.4 x 102 viral genomes/
ml) and AAV8-CA-FLEX-RG (24 x 10" viral genomes/ml) was
injected unilaterally into the habenula at two different anterior-
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FIGURE 1 Distribution of fluorescent reporters in the Cre-
dependent rabies virus retrograde tracing system. Cre-expressing
neurons infected by AAV8-Efla-FLEX-TVA-mCherry express the
sarcoma-leukosis virus receptor (TVA) fused to the fluorescent pro-
tein mCherry (TVA-mCherry; magenta). TVA enables entry of
EnvA-coated pseudotyped glycoprotein-deleted rabies virus par-
ticles (SADAG-eGFP(EnvA)) into Cre-positive neurons. Coinfection
of these neurons with AAV8-CA-FLEX-RG leads to expression of
rabies glycoprotein (RG) which enables transsynaptic retrograde
transport of the rabies virus particles. Both the Cre-positive starter
neurons and the primary afferent neurons will thus express the
enhanced green fluorescent protein (eGFP; green) while TVA-
mCherry expression will be limited to Cre-positive neurons

posterior levels (coordinates anteroposterior: —1.75, mediolateral:
+0.35 or —0.35, dorsoventral: —2.7 and anteroposterior: —1.4, medio-
lateral: +0.35 or —0.35, dorsoventral: —2.7 relative to Bregma), the
paraventricular thalamic nucleus (anteroposterior: —0.46, mediolateral:
+0.1 or —0.1, dorsoventral: —3.25 relative to Bregma), or the lateral
posterior thalamic nucleus (anteroposterior: —1.7, mediolateral: +1.3
or —1.3, dorsoventral: —2.7 relative to Bregma). In three of the animals
injected in the habenula, AAV8-CA-FLEX-RG was omitted to verify
that eGFP expression in neurons outside the injected area is a result of
transsynaptic transport of rabies virus particles rather than direct infec-
tion of afferent terminals. After the injection, the pipette was left in
the brain for 4 min to minimize back flow of the vector into the needle
tract. The skin was sutured with absorbable suture, and the mouse was
kept on a heat pad until recovered from the anesthesia, before
returned to its home cage.

After 21 days, the stereotaxic procedure was repeated in order to
inject the animals with 0.5 pl of the SADAG-eGFP(EnvA) vector (1.65-
3.0 x 107 transforming units/ml). Seven days after the last vector
injection, the mice were deeply anesthetized with an overdose of
sodium pentobarbital and transcardially perfused with isotonic sodium
chloride solution (0.9%) followed by cold phosphate buffered saline
(PBS; 0.1M sodium phosphate buffer with 0.15M sodium chloride) con-
taining 4% paraformaldehyde for 8 min (~100 ml per animal).

2.4 | Immunohistochemistry

The brains were dissected and postfixed in 4% paraformaldehyde for
18 hr at 4°C. After post-fixation, the brains were immersed in sucrose
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solution (25% in PBS) at 4°C for 1-3 days until equilibration had
occurred (i.e., the brains sank to the bottom of the vial). The brains
were frozen on dry ice, sectioned in 30 um sections using a sliding
microtome (Thermo Scientific HM450) and cryoprotected in antifreeze
solution (30% glycerol, 30% ethylene glycol, 40% 0.5M PBS) before
storage at —20°C. During sectioning, the left hemisphere was marked
with a needle to keep track of the orientation of the sections.

Immunohistochemistry was performed on free floating brain sec-
tions as described previously (Broms et al., 2015). The sections were
washed in PBS, blocked with normal donkey serum (5%) in PBST (PBS
containing 0.05% Tween-20) for 1 hr at room temperature and subse-
quently incubated in blocking solution with primary antibody over night
at 4°C. The primary antibodies used in the experiment are described
below. After repeated washing in PBS, the sections were incubated
with biotinylated or Cy5-conjugated secondary antibodies at 3 pg/ml
(Jackson ImmunoResearch Europe Ltd., Suffolk, United Kingdom) in
PBST, 2 hr at room temperature. For immunofluorescent detection,
sections were washed and mounted on Superfrost Plus glass slides
(Menzel Glaser, Brunswick, Germany) with a polyvinyl alcohol and glyc-
erol based mounting solution containing the anti-fading agent 1,4-dia-
zabicyclo[2.2.2]octane (PVA-DABCO).

Fluorescent images were acquired using a Nikon Eclipse Ti confo-
cal microscope with NIS-Elements (version 4.40) software (Nikon
Instruments Europe BV, Amsterdam, The Netherlands). For automatic
detection and marking of eGFP-expressing neurons in scanned images,
ImageJ (version 2.0.0-rc-59/1.51n, RRID:SCR_003070) was used. The
eGFP channel was thresholded to create a binary mask. The positions
of eGFP-expressing cells were then obtained using the “Analyze Parti-
cles...” subroutine of ImageJ. Each location was marked with a green
circle. A grayscale look-up table was applied to the mCherry channel
and the background fluorescence of this channel provided a back-
ground for each micrograph.

For light microscopy detection, biotinylated secondary antibodies
were used. After washing in PBS, the sections were incubated with
avidin-biotin-peroxidase complex (diluted 1:125 in PBS) (VECTASTAIN
Elite ABC Kit, Vector Laboratories, Burlingame, CA) and developed using
3,3-diaminobenzidine (DAB, 0.5 mg/ml) with nickel chloride (0.5 mg/
ml). Following the DAB reaction, sections were mounted, dehydrated in
increasing concentrations of ethanol followed by xylene and finally cov-
erslipped with p-xylene-bis-pyridinium bromide (DPX) (Fisher Scientific,
Pittsburgh, PA). Low resolution micrographs were acquired using a slide
scanner (PathScan Enabler 5, Meyer Instruments Inc., Houston, TX).

2.5 | Antibody characterization

Rabbit GPR151 polyclonal antibody (SAB4500418; Sigma-Aldrich, St.
Louis, MO; RRID: AB_10743815) was raised against a synthetic pep-
tide containing amino acids 370-419 (EKEKPSSPSSGKGKTEKAEI-
PILPDVEQFWHERDTVPSVQDNDPIPWEHEDQETGEGVK) of the C-
terminal of human GPR151. It recognizes a single band of 46 kDa on
western blots of lysate of GPR151-expressing K562 cells. The specific-
ity was confirmed by pre-adsorption with the immunogen peptide

(according to the manufacturer’s technical information). In homozygous

Gpr151-knockout mice, the immunoreactivity was completely abol-
ished, further proving the specificity of the antibody (Broms et al.,
2015). In the present experiment, a working concentration of 0.125
ng/ml was used.

Rabbit mCherry polyclonal antibody (ab167453; Abcam, Cam-
bridge, MA; RRID:AB_2571870) was raised against recombinant full
length  mCherry protein (MVSKGEEDNMAIIKEFMRFKVHMEGSVN
GHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKA
YVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGEF
IYKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPEDGALKGEIKQRL
KLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQ
YERAEGRHSTGGMDELYK), a fluorescent protein derived from the
DsRed protein. According to the manufacturer’s specifications, the
antibody recognizes a ~27 kDa band in lysate of HEK293 cells trans-
fected with a pFin-Efla-mCherry vector. In our experiment, the anti-
body (used at a working concentration of 0.2 pg/ml) produced a
specific immunohistochemical signal in brains of Gpr151-Cre animals
injected with the AAV8-Efla-FLEX-TVA-mCherry vector.

A different set of Gpr151-Cre mice (n = 3) were injected bilaterally
in the habenula with AAV8-hSyn-FLEX-mCherry (0.6 yl, 6.1 x 10'?
viral genomes/ml) to label cell bodies of Cre-expressing neurons. Four
weeks following the injections the brains were prepared for in situ
hybridization. Perfusion and postfixation in paraformaldehyde was car-
ried out as described above. After equilibration in 25% phosphate buf-
fered sucrose solution, 14 um thick brain sections mounted onto
Superfrost Plus glass slides using a cryostat. Detection of Gpri151-
mRNA was performed using the RNAscope® Fluorescent Multiplex
Assay with a probe set targeting base pairs 27-988 of mouse Gpr151-
mRNA (Cat No. 317321, Advanced Cell Diagnostics, Inc., Newark, CA)
(Wang et al., 2012). Briefly, the sections were air dried for 20 min,
washed in PBS and subsequently immersed in boiling 1x Target
Retrieval solution for 5 min. After washing in distilled water and 100%
ethanol for 2 min each, the sections were incubated with Protease IV
solution for 30 min at 40°C in a humidified tray. After washing in dis-
tilled water for 2 min, the sections were then hybridized with Gpr151
target probe for 2 hr at 40°C followed by amplification solutions 1 (30
min), 2 (15 min), 3 (30 min), and 4 (15 min) at 40°C. Between each
amplification step, the sections were rinsed in 1x Wash Buffer for 2
min at room temperature. Finally, the sections were counterstained
with 4',6-Diamidine-2"-phenylindole dihydrochloride (DAPI) for 30 s
and coverslipped in PVA-DABCO. The fluorochrome used for detection
in this system was Alexa488. Images were acquired using a Nikon
Eclipse Ti confocal microscope with NIS-Elements software.

3 | RESULTS

3.1 | GPR151 protein and mRNA detected in
Cre-expressing neurons

As previously reported, immunofluorescent GPR151 staining was pro-
nounced in habenular axonal projections, while often barely above
background level in the neuronal somata (Broms et al., 2015). To better
visualize cell bodies with expression of Cre, we injected Gpr151-Cre
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FIGURE 2 GPR151 protein expression in axons of Gpr151-Cre neurons. Coronal sections of a Gpr151-Cre mouse injected with AAV8-hSyn1-
FLEX-mCherry in the habenular region. Panels (g-i) represent magnifications of the insets in (d-f). Cell bodies positive for mCherry (magenta)
were observed in the ventral medial habenula, the lateral habenula (excluding the oval subnucleus of the lateral division of lateral habenula), the

lateroposterior, and paraventricular thalamic nuclei (b, c;
exited the habenula through the fasciculus retroflexus (a-
was observed (arrows; g-i). Scale bar (a-f) = 100 pm, (g-i) = 20 pm

mice with AAV8-hSyn1-FLEX-mCherry in the habenular region
(Figure 2).

Colocalization between GPR151 protein and mCherry could be
observed in fibers in the fasciculus retroflexus (Figure 2d-i), which con-
tains the efferent axons from the habenula. In the habenula, mCherry-
expressing cell bodies were localized in the ventral division of the medial
habenula and in most lateral habenular subnuclei, excluding the oval
subnucleus of the lateral division of lateral habenula (Figure 2c). Further-
more, mCherry-positive neurons were also observed in the paraventric-
ular thalamic nucleus, and in the lateral dorsal and lateral posterior
thalamic nuclei. No GPR151 protein could be detected in these thalamic

areas using immunohistochemistry (Figure 2c; Broms et al., 2015).

1.94 mm posterior to Bregma). Fibers expressing mCherry and GPR151 protein (green)
; —2.30 mm posterior to Bregma), where colocalization between mCherry and GPR151

Next, we performed fluorescent in situ hybridization using a RNA-
scope® probe targeting mouse Gpr151 mRNA on brain sections of
mice that had been injected with AAV8-hSyn1-FLEX-mCherry into the
habenula. In Figure 3, expression of Gprl51 mRNA in mCherry-
expressing neurons is seen in neurons located in the habenula, para-
ventricular thalamic nucleus and the lateral posterior thalamic nucleus.
The strongest Gpr151 mRNA expression was observed in medial and
lateral habenula, compared to much weaker expression in the paraven-
tricular thalamic nucleus while only a very faint expression was
observed in neurons of the lateral posterior thalamic nucleus. In the
habenula (Figure 3e) and the paraventricular thalamic nucleus, mCherry

colocalized with the Gpr151 mRNA signal. In the lateral posterior
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FIGURE 3 Gpr151 mRNA expression in Gpr151-Cre neurons. Coronal section of a Gpr151-Cre mouse injected with AAV8-hSyn1-FLEX-
mCherry in the habenular region (—1.82 mm posterior to Bregma). Gpr151 mRNA expression (green) can be seen in the ventral medial
habenula, lateral habenula (excluding the oval subnucleus of the lateral division), as well as in the lateral posterior, central lateral, and para-
ventricular thalamic nuclei (panels a, ¢, d, €). Expression of mCherry (magenta, panels b-e) show partial overlap with Gpr151 mRNA. Trans-
duction efficiency and injection localization could explain the lack of mCherry expression in certain Gpr151-positive subregions like the
LHbMS. Examples of coexpression of mCherry and Gpr151 mRNA in the lateral posterior thalamic nucleus and lateral habenula are shown
in panel (d) and (e) (magnifications of insets in panel c). Scale bar (a-c) = 100 pm, (d, e) = 20 ym

thalamic nucleus, Gpr151 was undetectable in some mCherry-positive
neurons (Figure 3d). This finding is further considered in the discussion.

Using a crossing between Gpr151-Cre mice and two different 3-
galactosidase reporter strains, Kobayashi et al. (2013) identified Cre-
expressing cells in the medial and lateral habenula, paraventricular tha-
lamic nucleus and the reuniens thalamic nucleus. This expression pat-
tern largely agrees with our findings, except that more Cre-expressing
cells were detected in the laterodorsal and lateral posterior thalamic
nucleus in the current investigation. Given that Gpr151 mRNA expres-
sion is accentuated in the habenula and paraventricular thalamic
nucleus (Ignatov et al, 2004; Lein et al., 2006), no viral injections

targeting the reuniens thalamic nucleus were performed in the current
investigation.

3.2 | Monosynaptic tracing of afferents to
Cre-expressing neurons

Using the Cre-dependent rabies virus tracing system, Gpri51-Cre
starter neurons were labeled with TVA-mCherry and eGFP, while
monosynaptic afferents to these starter neurons were labeled with
eGFP only. Not all TVA-mCherry-expressing neurons coexpressed
eGFP. This may be explained by different transduction efficiency of the
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TABLE 1 Abbreviations

Abbreviation Area Abbreviation Area

3V 3rd ventricle Me medial amygdaloid nucleus

aca anterior commissure, anterior part MG medial geniculate nucleus

Acb accumbens nucleus MHb medial habenular nucleus

AD anterodorsal thalamic nucleus MHbD dorsal subnucleus of the MHb

AH anterior hypothalamic area MHbS superior subnucleus of the MHb

Al agranular insular cortex MHbV ventral part of the MHb

Arc arcuate hypothalamic nucleus MHbVc central subnucleus of the MHbV

Au auditory cortex MHbVI lateral subnucleus of the MHbV

AV anteroventral thalamic nucleus MHbVm medial subnucleus of the MHbV

BAC bed nucleus of the anterior commissure MnPO median preoptic nucleus

BL basolateral amygdaloid nucleus MnR median raphe nucleus

BM basomedial amygdaloid nucleus MPA medial preoptic area

CG cingulate cortex MPT medial pretectal nucleus

Cgl cingulate cortex, area 1 MPtA medial parietal association cortex

Cg2 cingulate cortex, area 2 mRt mesencephalic reticular formation

CL centrolateral thalamic nucleus MS medial septal nucleus

cl claustrum MTu medial tuberal nucleus

CPu caudate putamen (striatum) Pa paraventricular hypothalamic nucleus

DB nucleus of the diagonal band PAG periaqueductal gray

DG dentate gyrus Pe periventricular hypothalamic nucleus

DLG dorsal lateral geniculate nucleus PF parafascicular thalamic nucleus

DM dorsomedial hypothalamic nucleus PG pregeniculate nucleus

DR dorsal raphe nucleus PH posterior hypothalamic nucleus

EP entopeduncular nucleus PLH peduncular part of lateral hypothalamus

f fornix PnO pontine reticular nucleus, oral part

fmi forceps minor of the corpus callosum Po posterior thalamic nuclear group

fr fasciculus retroflexus PrC precommissural nucleus

IC inferior colliculus PrL prelimbic cortex

IF interfascicular nucleus PT paratenial thalamic nucleus

L infralimbic cortex PV paraventricular thalamic nucleus
PVA paraventricular thalamic nucleus, anterior part

P interpeduncular nucleus PVP paraventricular thalamic nucleus, posterior part

LD laterodorsal thalamic nucleus RCh retrochiasmatic area

LDTg laterodorsal tegmental nucleus RLi rostral linear nucleus (midbrain)

LHb lateral habenular nucleus RMg raphe magnus nucleus

LHbA anterior division of the LHb RSD retrosplenial dysgranular cortex

LHbL lateral division of the LHb Rt reticular nucleus (prethalamus)

LHbLB basal subnucleus of the LHbL S1 primary somatosensory cortex

LHbLMc magnocellular subnucleus of the LHbL S2 secondary somatosensory cortex
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TABLE 1 (Continued)
Abbreviation Area Abbreviation Area
LHbLMg marginal subnucleus of the LHbL sC superior colliculus
LHbLO oval subnucleus of the LHbL SCh suprachiasmatic nucleus
LHbLPc parvocellular subnucleus of the LHbL SFi septofimbrial nucleus
LHbM medial division of the LHb SHy septohypothalamic nucleus
LHbMC central subnucleus of the LHbM sm stria medullaris
LHbMMg marginal subnucleus of the LHbM ST bed nucleus of the stria terminalis
LHbMPc parvocellular subnucleus of the LHbM TS triangular septal nucleus
LHbMS superior subnucleus of the LHbM Vi primary visual cortex
LHbP posterior division of the LHb V2 secondary visual cortex
LP lateral posterior thalamic nucleus VMH ventromedial hypothalamic nucleus
LPO lateral preoptic area VP ventral pallidum
LS lateral septal nucleus VTA ventral tegmental area
M medial mammillary nucleus Zl zona incerta
ME median eminence ZIR zona incerta, rostral part

Abbreviations of mouse brain regions according to Franklin and Paxinos (2008) and Wagner, Stroh, et al. (2014).

AAV and rabies vectors or that the vectors were injected at slightly dif-
ferent locations due to the margin of error of the stereotaxic technique.
The injections targeted one of three areas, the habenula, the paraventric-
ular thalamic nucleus, or the lateral posterior thalamic nucleus. The
starter neurons at the injection sites and the resulting eGFP expression
in afferent structures are summarized in Tables 2 and 3.

In wild type animals, occasional neurons expressing mCherry and
eGFP could be observed close to the injection tract in the habenula,
which implies minor local Cre-independent expression (Figure 4j-I;
Table 2). However, no eGFP+ neurons were detected outside of the
injected area, so the analysis of eGFP+ neurons far from the injected
site is not impacted.

SADAG-(EnvA) is capable of infecting neurons with minute expres-
sion of TVA (Callaway & Luo, 2015). Since it has been shown that trace
amounts of TVA-expression can result from retrograde transport of AAV-
TVA (Menegas et al., 2015), it is important to confirm that the starter neu-
rons are indeed restricted to the injected area. By omitting AAV8-CA-
FLEX-RG, transsynaptic transport is inhibited and eGFP expression should
be restricted to local TVA-expressing neurons. In Gprl51-Cre animals
where AAV8-CA-FLEX-RG was omitted, a strong expression of TVA-
mCherry and eGFP was only observed in the vicinity of the injection, but
not anywhere else in the brain (Figures 4g-i and 5; Table 2). This confirms
that any eGFP+ neurons found outside of the injected area result from
RG-dependent transsynaptic transport of rabies virus.

3.3 | Afferents to Gpr151-Cre neurons in the
habenula

Seven cases with good quality injections targeting the habenula were
considered for further analysis (Figure 4a-f; Table 2). In all cases, a
majority of starter neurons were detected in the habenula, although a

varying degree of spread to neighboring thalamic structures, such as
the paraventricular thalamic nucleus and the lateral posterior thalamic
nucleus was also observed.

Very few eGFP+ neurons were detected in the cerebral cortex
(Figure 6; Table 3). Occasional eGFP+ neurons were observed in
medial prefrontal areas, most notably bilaterally in the prelimbic and
infralimbic cortices.

Several structures in the pallidum contained large numbers of
eGFP+ neurons (Table 3). Moderate numbers of eGFP+ neurons were
detected in the medial (Figure 7a) and triangular septum (Figure 7d).
The nucleus of the diagonal band contained many eGFP+ neurons,
both in the vertical and horizontal limb (Figure 7a). Moderate numbers
of eGFP+ neurons were also observed in the bed nucleus of the ante-
rior commissure (Figure 7d). The bed nucleus of the stria terminalis
contained great numbers of eGFP+ neurons, especially in case M17
(Figure 7c). In two cases (M18 and M104), a dense network of eGFP+
neurons was seen in the entopeduncular nucleus (Figure 7ef). Interest-
ingly, these specific cases were distinguished by a large number of
starter neurons in lateral division of the lateral habenula as well as
spread into the lateral posterior thalamic nucleus.

The hypothalamus was another major source of input to the
Gpr151-Cre neurons of the habenula (Table 3). A continuous group of
eGFP-expressing neurons stretching from the lateral preoptic area to
the peduncular part of the lateral hypothalamus was observed in all
cases (Figures 6 and 7b,e/f). Scattered neurons were also observed in
several medial hypothalamic nuclei (Table 3). In two cases (M18 and
M104), the same animals which displayed eGFP+ neurons in the ento-
peduncular nucleus, eGFP+ neurons could also be observed in the
zona incerta.

Because undetectable expression of TVA-mCherry may be suffi-

cient to allow entry of the rabies vector (Callaway & Luo, 2015), it
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TABLE 2 Starter neuron populations

Medial habenula

Lateral habenula

Paraventricular
thalamic nucleus

Lateral thalamic
nuclei

Posterior
thalamic nuclei

Medial habenula

Lateral habenula

MHbD
MHbS
MHbVI
MHbVc
MHbVm
LHbA
LHbMS
LHbMPc
LHbMC
LHbMMg
LHbLMg
LHbLPc
LHbLMc
LHbLB
LHbLO
LHbP
PVA

2%
PVP
LP

cL
PF

PrC
Po
MPT

MHbD
MHbS
MHbV
MHbVc
MHbVm
LHbA
LHbMS
LHbMPc
LHbMC
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TABLE 2 (Continued)

Lateral posterior thalamic nucleus

Habenula no RG Habenula wild type

M114 M115 M116 M119 M106 M117 M118 M113 M16 M77 M77 M78 M8l

LHbMMg LG

LHbLMg ++ +4++

LHbLPc  ++ LG AR R +++

LHbLMc  +++ ++ ++ e+t +

LHbLB A

LHbLO

LHbP +4++ ++ +4+ B T
Paraventricular ~ PVA
thalamic nucleus

PV + ++

PVP ++ 4+
Lateral LP +++++ +++++ FH++H+ HHHEE A+ I
thalamic nuclei

LD B e st sl S

CL + ++ +++ + 4+
Posterior PF + ++ ++ 4+
thalamic nuclei

PrC + + ++ +4+ +4+

Po +H++ +H++

MPT 45 ++ ++ + ++

Semiquantitative estimate of neurons coexpressing TVA-mCherry and eGFP (starter neurons) in target areas and neighboring structures. Each area was
graded from + to +++++ depending on the number of mCherry/eGFP coexpressing cells observed.

cannot be ruled out that eGFP+ neurons close to the injected area
that appear to lack mCherry are indeed afferent neurons and not
starter neurons. Because of the proximity of the injection target
area to some Gpr151-expressing thalamic nuclei, it makes interpreta-
tion of eGFP+ neurons in these areas uncertain. Scattered eGFP+
neurons were detected in the pregeniculate, dorsolateral geniculate,
and medial geniculate nuclei which are far from the injected area.
The parafascicular thalamic nucleus and the precommissural nucleus
also contained a small number of eGFP+ neurons, along with occa-
sional starter neurons. Occasionally, eGFP+ neurons were visible in
the medial or lateral habenula contralateral to the injected side
which
projection.

In the midbrain, scattered eGFP+ neurons were observed in the

suggests minor contribution from an intrahabenular

pretectal area, superior colliculus, and the periaqueductal gray. A few
eGFP+ cells could also be detected in the interpeduncular nucleus,
which is the projection target of neurons in the medial habenula. This
implies a reciprocal connection between the habenular complex and
the interpeduncular nucleus. EGFP+ neurons were also observed in
many monoaminergic midbrain areas such as the ventral tegmental
area (primarily the interfascicular nucleus), rostral linear nucleus,
median, and dorsal raphe nuclei.

Very few eGFP+ neurons were detected in hindbrain areas,
including the laterodorsal tegmental nucleus, pontine reticular nucleus,

and raphe magnus nucleus.

3.4 | Afferents to Gpr151-Cre neurons in the
paraventricular thalamic nucleus

Five animals where starter neurons could be observed in the paraven-
tricular thalamic nucleus (Table 2) were further analyzed regarding
afferents (Figures 8 and 9; Table 3). The starter neuron population was
entirely restricted to the target area except for one case (M113) where
a few cells were also observed in the anterior division of the lateral
habenula.

Cortical afferents were restricted to frontal cortical areas such as
the prelimbic, infralimbic, and agranular insular cortices. In two cases
(M113 and M121), a few eGFP+ neurons could also be observed in
the claustrum.

The distribution of eGFP+ neurons in the pallidum was remarkably
similar to that of the afferents to the habenular Gpr151-Cre population
(Table 3). The nucleus of the diagonal band, bed nucleus of stria termi-
nalis, and the ventral pallidum contained many eGFP+ neurons. No
eGFP+ neurons were observed in the medial septal nucleus or the
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FIGURE 4 Expression of TVA-mCherry and eGFP after injections of viral vectors at target sites. Coronal sections through the target areas
of cases M80 (habenula; a-c), M18 (habenula; d-f), M118 (habenula, no RG; g-i), M77 (habenula, wild type; j-I), M119 (lateral posterior tha-
lamic nucleus; m-o), and M113 (paraventricular thalamic nucleus; p-r) showing sarcoma-leukosis virus receptor (TVA) fused to the fluores-
cent protein mCherry (TVA-mCherry; magenta; b, e, h, k, n, g), eGFP expression (green; a, d, g, j, m, p), and an overlay between the two (c,
f, i, 1, 0, ). Scale bar = 100 pm
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FIGURE 5 Omission of RG limits eGFP expression to the injected area. Coronal brain sections from 1.34 to —4.84 mm relative to Bregma of a
Gpr151-Cre mouse (case M118) in which AAV8-Ef1a-FLEX-TVA-mCherry and SADAG-eGFP(EnvA) was injected unilaterally in the habenula. Since
AAV8-CA-FLEX-RG was omitted, transsynaptic transport of the rabies vector is inhibited. Although many eGFP positive (green) neurons could be
seen in various nuclei in the targeted area (medial and lateral habenula, lateral posterior thalamic nucleus, parafascicular thalamic nucleus, paraventric-
ular thalamic nucleus, and precommissural nucleus), no eGFP expressing neurons were detected elsewhere in the brain. Scale bar = 1000 pm

entopeduncular nucleus however, in contrast to the afferents of the
Gpr151-Cre neurons in the habenula.

In the striatum, moderate numbers of eGFP+ neurons were detected
in the accumbens nucleus, caudate putamen, and the lateral septum.

The main source of input to the paraventricular thalamic Gpr151-
Cre population was the hypothalamus (Table 3). Similarly to the habe-
nular Gpr151-Cre population, eGFP+ neurons could be detected in
the lateral preoptic area and the peduncular part of the lateral hypo-
thalamus (Figure 9e). Great numbers of eGFP+ neurons were also
seen in the medial preoptic area, and to a lesser extent the median pre-
optic area (Figure 9b). Medial hypothalamic areas such as the anterior,
ventromedial, dorsomedial, arcuate, paraventricular, and periventricular
hypothalamic nuclei also contained many eGFP+ neurons (Figure 9b,d,
e,f). Some afferent neurons were also seen in the retrochiasmatic (Fig-
ure 9d) and suprachiasmatic nuclei. The strongest projection arose
from a cluster of cells in the rostral part of the zona incerta (Figure 9c).

Some eGFP+ neurons were also detected in thalamic areas such
as the parafascicular and mediodorsal thalamic nuclei. In the midbrain,
there were also a small number of eGFP+ neurons in the periaqueduc-
tal gray and the mesencephalic reticular formation.

3.5 | Efferent projections of the Cre-expressing
population in the paraventricular thalamic nucleus

Since the paraventricular thalamic Gpr151-Cre population could be tar-
geted specifically without spread into other Gpr151-expressing popula-
tions, we decided to also analyze the efferent connectivity of this
population. Immunohistochemistry using mCherry antiserum was per-
formed to visualize the efferent projections of the TVA-mCherry-
expressing neurons (Figure 10). The cell bodies of these neurons were

confined to the paraventricular nucleus, while dense fields of mCherry-
immunoreactivity could be observed in the prelimbic area, the shell and
core regions of accumbens nucleus, the basolateral amygdala, and the
zona incerta. It should be noted that while no GPR151 protein could
be detected by immunohistochemistry in any of these areas (Broms
et al,, 2015), Gpr151 mRNA was observed in the paraventricular tha-
lamic nucleus in the current study (Figure 3c) and has also been
reported previously (Ignatov et al., 2004; Wagner, French, et al., 2014).

3.6 | Afferents to Gpr151-Cre neurons in the lateral
posterior thalamic nucleus

Four animals with injections targeting the lateral posterior thalamic
nucleus were analyzed (Figure 11; Table 3). Large quantities of starter
neurons were observed in a group of neurons in the lateral dorsal and
lateral posterior thalamic nuclei. In two cases, the labeled population
also extended into the posterior thalamic group (M114 and M119).
Unfortunately, all cases also contained a varying number of starter neu-
rons in the habenula which impose a limit on the analysis of the affer-
ents to the lateral thalamic group. Some striking differences between
the cases targeting the lateral posterior thalamic Gpr151-Cre popula-
tion and the habenular Gpr151-Cre population could nonetheless be
observed. The cingulate cortical area 1 and area 2, as well as the pre-
limbic cortex, contained many eGFP+ neurons in animals with starter
neurons in the lateral posterior thalamic nucleus, but were completely
devoid of eGFP+ cells when the injections were restricted to the habe-
nula. Similarly, other cortical areas such as the retrosplenial dysgranular
cortex as well as the primary and secondary visual cortex and primary
and secondary somatosensory cortex, only contained eGFP+ neurons
in cases with lateral posterior thalamic starter neurons.
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FIGURE 6 Afferents of habenular Gpr151-Cre neurons. Coronal brain sections from 1.98 to —4.96 mm relative to Bregma of a Gpr151-
Cre mouse (case M80) where AAV8-Efla-FLEX-TVA-mCherry, AAV8-CA-FLEX-RG and SADAG-eGFP(EnvA) was injected unilaterally in the
habenula. Neurons coexpressing eGFP and mCherry (starter neurons; magenta outline) were almost exlusively located in the medial and lat-
eral habenula. EGFP positive neurons (green) were found throughout the brain, most notably in the medial septal nucleus, nucleus of the
diagonal band, lateral preoptic area, and the lateral hypothalamus (peduncular part). Scale bar = 1000 pm

Similar to what was observed when the habenula was targeted,
many eGFP+ neurons could be observed in the bed nucleus of the
anterior commissure, nucleus of the diagonal band, ventral pallidum,
bed nucleus of stria terminalis, lateral preoptic area, lateral hypothala-
mic area, and the entopeduncular nucleus. The caudate putamen also
contained eGFP+ positive neurons in contrast to habenula-targeting
injections. Large number of eGFP-+ neurons was observed in the zona
incerta, mainly in the caudal part.

In the thalamus, dense populations of eGFP+ neurons were
observed in pregeniculate, dorsolateral geniculate, and medial genicu-
late nuclei as well as the reticulate and paraventricular thalamic nuclei.
In the midbrain, great numbers of eGFP+ neurons were detected in
the superior colliculus as well as in the pretectal region. In the hind-
brain, only a few eGFP+ neurons were detected in the laterodorsal
tegmental nucleus.

4 | DISCUSSION

In this study, monosynaptic tracing using pseudotyped rabies virus was
used to identify primary afferents to populations of Gpr151-Cre neu-
rons in the mouse diencephalon.

In the medial habenula, TVA-mCherry+/eGFP+ starter neurons
were observed in the ventral part of the medial habenula (Table 2).
This distribution is consistent with the pattern of Gpr151 mRNA and
protein expression (Figures 2 and 3). Several nuclei in the pallidum,
including the triangular septal nucleus, septofimbrial nucleus, bed
nucleus of the anterior commissure, medial septal nucleus, and the
nucleus of the diagonal band have previously been identified as affer-
ents to the medial habenula (Herkenham & Nauta, 1977; Qin & Luo,
2009; Yamaguchi, Danjo, Pastan, Hikida, & Nakanishi, 2013). All of
these areas contained eGFP+ neurons in cases where starter neurons
were found in the medial habenula, although the most prominent and
consistent projection appeared to arise in the nucleus of the diagonal
band and the medial septal nucleus. This projection is reported to be
GABAergic (Contestabile & Fonnum, 1983; Qin & Luo, 2009), although
we did not test whether the neurons that project onto Gpr151-
expressing cells have this phenotype.

In the lateral habenula, Cre expression could be detected in all sub-
nuclei except for the oval subnucleus of the lateral division (Figures 2
and 3; Table 2). Afferent neurons were observed in many areas (Figure
7; Table 3) that have previously been reported to contain afferents to

the lateral habenula, including the nucleus of the diagonal band, bed
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FIGURE 7 Main afferent neuronal populations of the habenular Gpr151-Cre starter neurons. Coronal sections showing eGFP-expressing
afferent neurons (green cell bodies and fibers) in the medial septal nucleus and the nucleus of the diagonal band (a; case M17), the lateral
and medial preoptic area (b; case M18), the bed nucleus of stria terminalis and the paraventricular thalamic nucleus (c; case M17), the trian-
gular nucleus of the septum and the bed nucleus of the anterior commissure (d; case M17), the entopeduncular nucleus and the lateral

hypothalamus (e, f; case M18). Scale bar = 100 pm

nucleus of stria terminalis, ventral pallidum, lateral preoptic area, lateral
hypothalamic area and entopeduncular nucleus and the median raphe
nucleus (Dong & Swanson, 2004; Herkenham & Nauta, 1977; Wallace
etal, 2017).

In a recent study, the nucleus of the diagonal band was shown to
provide a possible source of input to the lateral habenula, which
allowed the habenular neurons to phase lock with hippocampal theta
oscillations during anesthesia and rapid-eye-movement (REM) sleep
(Aizawa et al., 2013). Lesions of the lateral habenula and the fasciculus
retroflexus reduce theta power in the hippocampus and substantially

decrease REM sleep duration, while non-REM sleep remains unaf-
fected (Aizawa et al., 2013; Valjakka et al., 1998). Since Gpr151-Cre
neurons receive input from the nucleus of the diagonal band and in
turn project to the interpeduncular nucleus and median raphe, struc-
tures that has been implicated in theta oscillations and REM sleep
(Funato et al., 2010; Vertes, Kinney, Kocsis, & Fortin, 1994), it is possi-
ble that this neuronal population (or a subset of it) plays a role in con-
trolling these functions.

A fruitful approach for determining the valence of experiencing acti-
vation or inhibition of specific neurons is by optogenetic stimulation,
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FIGURE 8 Afferents of Gpr151-Cre neurons in the paraventricular thalamic nucleus. Coronal brain sections from 1.98 to —4.84 mm relative to
Bregma of a Gpr151-Cre mouse (case M113) where AAV8-Efla-FLEX-TVA-mCherry, AAV8-CA-FLEX-RG, and SADAG-eGFP(EnvA) was injected
into the anterior part of the paraventricular thalamic nucleus. Afferent eGFP expressing neurons (green) were found in great numbers in the zona
incerta, medial preoptic area, medial and lateral hypothalamus and to a minor extent in the prelimbic cortex, accumbens nucleus, lateral preoptic
area, bed nucleus of stria terminalis, and periaqueductal gray. Neurons coexpressing eGFP and mCherry (starter neurons; magenta outline) were

located in the paraventricular thalamic nucleus. Scale bar = 1000 pm

combined with the real-time place preference test. In this test, the animals
may freely choose to enter or avoid an area where the laser light is acti-
vated. It has been shown that activation of projections from the lateral
hypothalamic area and entopeduncular nucleus to the lateral habenula is
aversive, that is, the animals avoid stimulation (Shabel, Proulx, Trias, Mur-
phy, & Malinow, 2012; Stamatakis et al., 2016). In line with this finding,
inhibition of the projection from the lateral hypothalamic area to the lateral
habenula using an inhibitory light-sensitive chloride channel, or activation
of inhibitory afferents from the ventral tegmental area, was appetitive (Sta-
matakis et al., 2013). Stimulation of lateral habenular efferents to the ros-
tromedial tegmental nucleus also produced an aversive response
(Stamatakis & Stuber, 2012). It was recently demonstrated that activation
of a projection from the paraventricular thalamic nucleus to accumbens
nucleus evoked the similar avoidance behavior (Zhu, Wienecke, Nachtrab,
& Chen, 2016). Given that the aforementioned projections were observed
in our study, it is tempting to speculate that modulation of GPR151-
expressing neurons could alter the affective component of an experience.

Indeed, selective ablation of Gpr151-Cre neurons resulted in increased
anxiety in the elevated plus maze and open field tests (Kobayashi et al.,
2013).

Two distinct populations of entopeduncular neurons project to the
lateral habenula (Wallace et al., 2017). Glutamatergic parvalbumin-
expressing neurons preferentially targets the oval subnucleus of the
lateral division of the lateral habenula, while a GABA/glutamate core-
leasing somatostatin-expressing population display a more distributed
terminal pattern within the lateral habenula. Given that no Gpr151-Cre
was observed in the oval subnucleus, the entopeduncular afferents
may belong to this population of somatostatin-expressing neurons.

4.1 | Similarities and differences between habenular
and thalamic Gpr151-Cre populations

It is clear from the efferent connectivity pattern that Gpr151-Cre neu-
rons of the habenula and the paraventricular thalamic nucleus are dis-
tinct populations. The Gpr151-Cre neurons in paraventricular nucleus
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FIGURE 9 Main afferent neuronal populations of Gpr151-Cre starter neurons in the paraventricular thalamic nucleus. Coronal sections (case
M113) showing eGFP-expressing afferent neurons (green cell bodies and fibers) in the prelimbic cortex (a, left hemisphere), the septohypothala-
mic nucleus (b), the median preoptic nucleus (b), the periventricular hypothalamic nucleus (b, d), the medial preoptic area (b), the zona incerta (c,
right hemisphere), the anterior hypothalamic area (d), the retrochiasmatic area (d), the peduncular part of lateral hypothalamus (e, right hemi-
sphere), the ventromedial hypothalamic nucleus (e, right hemisphere), and the arcuate hypothalamic nucleus (f). Scale bar = 100 um

(a) (b)

PiL

(c) (d)

Ach B

FIGURE 10 Efferent projections of Gpr151-Cre neurons in the paraventricular thalamic nucleus. Coronal sections of a Gpr151-Cre mouse
injected with AAV8-hSyn1-FLEX-mCherry in the paraventricular nucleus of the thalamus (case M74) showing 3,3’-diaminobenzidine
enhanced mCherry immunostaining in cell bodies in the injected area and in efferent projections to the zona incerta (a), the prelimbic area
(b), the shell and core of accumbens nucleus (c), and the basolateral amygdala (d). Scale bar = 1000 um
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FIGURE 11 Afferents of Gpr151-Cre neurons in lateral thalamic nuclei. Coronal brain sections from 1.98 to —5.02 mm relative to Bregma
of a Gpr151-Cre mouse (case M119) where AAV8-Efla-FLEX-TVA-mCherry, AAV8-CA-FLEX-RG, and SADAG-eGFP(EnvA) was injected
into the lateral posterior thalamic nucleus. Starter neurons expressing both mCherry and eGFP (outlined in magenta) were not restricted to
the target area, but were also found in the laterodorsal thalamic nucleus, central lateral thalamic nucleus, parafascicular thalamic nucleus,
posterior thalamic group, lateral habenula, precommissural nucleus, and medial pretectal nucleus. Afferent eGFP expressing neurons (green)
were detected in many areas throughout the brain including the cingulate and prelimbic cortices, bed nucleus of stria terminalis, ventral pal-
lidum, reticular thalamic nucleus, lateral preoptic area, lateral hypothalamic area, zona incerta, and superior colliculus. Scale bar = 1000 pm

project to the accumbens nucleus, zona incerta, basolateral amygdala,
and prelimbic area, a pattern that is distinct from the mesencephalic
projection of the habenular GPR151-expressing neurons (Figure 10;
Broms et al., 2015). On the other hand, many similarities in afferent
connectivity could be noted between the habenular and paraventricular
thalamic Gpr151-Cre populations. Both populations were targeted by neu-
rons in the bed nucleus of stria terminalis, ventral pallidum, nucleus of the
diagonal band, lateral preoptic area, and lateral hypothalamic area. How-
ever, some striking differences in afferent connectivity were observed. The
zona incerta produced a heavy projection onto paraventricular thalamic
Gpr151-Cre neurons, while habenular afferents from this area were sparse.
The same held true for the medial preoptic area. In contrast to the habenu-

lar population, afferents to the paraventricular thalamic population could

not be detected in the bed nucleus of the anterior commissure, entopedun-
cular nucleus, or in the triangular septum.

The paraventricular nucleus has been implicated in food and drug
reward seeking (reviewed in Matzeu, Zamora-Martinez, & Martin-
Fardon, 2014). In a recent study, it was demonstrated that inhibition of
a projection from the paraventricular nucleus to the accumbens nucleus
ameliorates symptoms of opiate withdrawal (Zhu et al., 2016). The lat-
eral habenula has been implicated in cocaine-induced avoidance behav-
ior (Jhou et al., 2013) and the medial habenula contributes to nicotine
aversion (Fowler, Lu, Johnson, Marks, & Kenny, 2011). It is therefore an
interesting possibility that, despite differences in connectivity patterns,
the diencephalic GPR151-expressing neurons could be functionally

related by involvement in the modulation of drug seeking behavior.
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4.2 | Afferent connectivity of the lateral thalamic
Gpr151-Cre population, involvement in visual
processing?

Many neurons in the lateral posterior nucleus, lateral dorsal nucleus,
and posterior group of the thalamus displayed Cre recombinase activity
(Table 2; Figure 4m-o). In animals where the viral vector injections
were targeted on the lateral posterior nucleus, there was always some
degree of spread in to the habenula. This precludes clear conclusions
to be drawn from these experiments. However, some characteristics of
the eGFP+ neuronal distribution nonetheless provide clues regarding
the connectivity and function of this thalamic population. Compared to
the afferents of the habenular Gpr151-Cre neurons, a large number of
afferents to lateral thalamic Gpr151-Cre neurons were detected in pre-
frontal cortical areas (primarily the cingulate cortex), the visual cortex,
the caudate putamen, the reticular nucleus, and most notably in the
zona incerta and the superior colliculus (Figure 11; Table 3).

Several studies have previously implicated the lateral posterior tha-
lamic nucleus, the superior colliculus, and the zona incerta in visual
information processing (Benevento & Fallon, 1975; Gale & Murphy,
2014; Krauzlis, Lovejoy, & Zénon, 2013; Legg, 1979; Power, Leamey, &
Mitrofanis, 2001). Interestingly, it has been demonstrated that the lat-
eral posterior thalamic nucleus contains multimodal neurons that are
sensitive to both pain and light (Noseda et al., 2010). To clarify if
GPR151 is involved in the processing of visual or somatosensory infor-
mation will require further investigation.

4.3 | Cre-independent expression of viral constructs

In wild type mice injected with Cre-dependent viral vectors, we occa-
sionally saw TVA-mCherry and eGFP expression in the vicinity of the
injection tract. This finding suggests that there is a certain degree of
leakiness in the FLEX switch, but that this ectopic expression of TVA-
mCherry (and presumably also RG) is not strong enough to enable
transsynaptic transport of rabies virus particles. This problem has also
been noted by other researchers using the same pseudotyped rabies
tracing system (Callaway & Luo, 2015; Pollak Dorocic et al., 2014). In
Cre-expressing animals, neurons that are TVA-mCherry-positive/eGFP-
positive as a result of leakiness are impossible to distinguish from true
starter neurons. We can therefore not conclude that all TVA-mCherry-
positive/eGFP-positive neurons in the vicinity of the injection tract are
actual starter neurons. Nevertheless, since no neurons were observed
outside of the injected area in wild type mice, the Cre-independent
expression does not affect the validity of the analysis of long-range
projections.

4.4 | Different sensitivity of the methods used for
Gpri151 detection

There are notable differences in expression pattern of GPR151 protein,
Gpr151 mRNA, and Gpr151 promoter activity. Immunohistochemistry
reveals strong GPR151 protein expression in habenular projections
(Broms et al., 2015). In situ hybridization detects Gpri51 mRNA in the

Comparative Neurology

habenula, but also in certain thalamic areas (Figure 3; Berthold et al.,
2003; Ignatov et al., 2004; Lein et al., 2006; Vassilatis et al., 2003). The
expression of Cre-dependent reporters found in the current study
largely corresponds to the mRNA distribution. One exception is the lat-
eral posterior thalamic nuclei, in which only very few neurons express-
ing Gpr151 mRNA has been detected using in situ hybridization (Figure
3c,d; Lein et al,, 2006), but ample Cre-dependent mCherry expression
was seen in the current study (Figures 2, 3, and 4m-o). A possible
explanation for this discrepancy is that there is a difference in the sen-
sitivity of the different detection methods. The constructs for the viral
reporter employ strong promoters and enhancer sequences (wood-
chuck hepatitis virus posttranscriptional regulatory element) for
improved expression, elements that the endogenous Gpr151 gene is
lacking. Furthermore, the reporter constructs are permanently acti-
vated by Cre recombination, meaning that even a transient surge in
Cre expression will result in persistent tagging of that neuron. As long
as a no specific GPR151 agonists or antagonists are available, there is
no gold standard for assessing functional GPR151 expression. In the
future when such substances have possibly been discovered, the Cre-
expressing populations described in this study should be examined
electrophysiologically, in order to verify that GPR151 is expressed at
physiologically relevant levels.

4.5 | Caveats of using BAC transgenic Cre mice

Gpr151 mRNA and protein could be detected in many, but not all, neu-
rons that exhibited Cre recombinase activity. One possibility is that Cre
mediated activation of the reporter construct can occur even at low or
transient Gpr151 promoter activation. This would result in persistent
reporter expression, while GPR151 protein and Gpr151 mRNA would
remain undetectable. Although the Gpr151-Cre BAC construct is large
(108 kbp) and should contain most of the regulatory elements of the
endogenous Gpr151 gene, we cannot rule out that the BAC transgenic
approach used in this study suffers from ectopic Cre expression inde-
pendent of the Gpr151 promoter. This could be the result of inserting
the BAC transgene into the vicinity of a strong promoter or enhancer
(Liu, 2013). Ectopic expression could also arise if the endogenous
Gpr151 promoter is epigenetically silenced, while the Gpr151 pro-
moter of the BAC construct remains active. In future studies, knock-in
animals targeting the endogenous Gpr151 gene could be used to mini-
mize the risk of ectopic Cre expression.

5 | CONCLUSION

Here, we present a map of the afferent connectivity of a diencephalic
neuronal population defined by Gpr151 expression. The connectivity
of thalamic versus habenular Gpr151-expressing neurons differed sub-
stantially, indicating a neuroanatomical heterogeneity within the
Gpr151-system. In depth knowledge of the connectivity of this, neuro-
nal population will facilitate the design of investigations regarding the
function of GPR151 as well as the interpretation of the effects of phar-
macological modulators of this system.
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Habenula and circuit psychiatry

Novel tools and technologies in neuroscience are currently reshaping our
understanding of the brain. Anatomical and functional mapping of the brain
circuits that constitute the mind is now possible at an unprecedented level of
detail, using the current molecular biological toolbox. Careful dissection of
the complex circuitry involved in psychiatric syndromes such as depression, is
probably necessary for making significant progress in the understanding of
the neurobiological mechanisms. In this thesis, | focus on a specific brain area,
the habenula, which appears to be implicated in depression. The localization
and pharmacology of GPR151, a receptor that can possibly be targeted for
modulating habenular activity, is investigated. Furthermore inhibitory neurons
within the habenula are identified and classified, something that previously
has largely been overlooked. This thesis is only a small contribution to a field
that is likely to expand tremendously within the coming decades, the field of
circuit psychiatry.
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