
Department of Physiology
Faculty of Medicine

University of Helsinki
Finland

HUMAN OREXIN RECEPTOR SIGNALING

SUBTYPE DIFFERENCES AND DIMERIZATION

Jyrki P. Kukkonen

DOCTORAL DISSERTATION

To be presented for public discussion with the permission of the Faculty of Medicine
of the University of Helsinki, in Suomen laki Hall, Porthania,

on the 28th of May, 2022, at 10 o’clock.

Helsinki 2022



Supervisors Professor Antti Pertovaara, MD, PhD
Docent Pauli Turunen, PhD
both from the Department of Physiology,
Medicum, University of Helsinki

Pre-examiners Docent Ulla Petäjä-Repo, PhD
Medical Research Center Oulu, Research Unit
of Biomedicine
University of Oulu
Oulu, Finland

Docent Juha Savinainen, PhD
Institute of Biomedicine
University of Eastern Finland
Kuopio, Finland

Opponent Professor Olaf Jöhren, PhD
Institute for Experimental and Clinical
Pharmacology and Toxicology and Center of
Brain, Behavior and Metabolism
University of Lübeck
Lübeck, Germany

The Faculty of Medicine uses the Ouriginal system (plagiarism recognition) to
examine all doctoral dissertations.

Published in the DSHealth series Dissertationes Scholae Doctoralis
Ad Sanitatem Investigandam Universitatis Helsinkiensis
ISSN 2342-3161 (print)
ISSN 2342-317X (online)

© Jyrki Kukkonen, 2022
ISBN 978-951-51-8053-7 (softcover)
ISBN 978-951-51-8054-4 (PDF)
Unigrafia, Helsinki 2022







5

ABSTRACT

The orexin system, composed of the orexin peptides and the G-protein-
coupled orexin receptors, was discovered in 1998 and immediately gained
much interest for its (potential) role in the regulation of appetite–metabolism
and sleep–wakefulness. To date, the research on the orexin system does not
show any decline, and while there still are many open questions, we know a lot
and even have some drugs acting on the orexin receptors in clinical use. Orexin
receptors are not only interesting from the therapeutic point of view but also
from a more scientific one. The receptors signal via at least three subfamilies
of G-proteins – with apparently different ones preferred in different tissues –
to multiple signal transduction systems.

The studies I–III included in this thesis further scrutinize these aspects of
orexin receptors by cell-level measurements with CHO-K1 Chinese hamster
cell lines stably expressing human OX1 and OX2 orexin receptors. The idea was
to see whether the responses observed with OX2 were similar as (the
previously found) OX1 responses. The responses assessed were Ca2+ elevation,
activation of the phospholipase C cascade (phospholipase C itself and
diacylglycerol lipase), phospholipase D, and phospholipase A2, as well as
activation and inhibition of adenylyl cyclase (utilized solely for the
measurement of Gi and Gs activities). The studies also included
characterization of the novel Gq inhibitor, UBO-QIC/FR900359, with other
receptors coupling to certain G-protein subfamilies, to finally allow its use to
distinguish the G-protein pathways of orexin receptors. The results, in short,
suggest a) that the signaling of the human orexin receptor subtypes is largely
the same (in opposition to what is often claimed) and b) that most of the
responses in recombinant CHO-K1 cells (all on the list above except for the
adenylyl cyclase regulation) are mediated by Gq (or the closely related G11 and
G14). For a), small differences could yet be seen: Activation of phospholipase
D (Gq) and adenylyl cyclase (Gs) was weaker for OX2 than for OX1. Based on
these studies, it is impossible to conclude whether these differences are due to
i) distinct receptor properties or ii) just differences in the expression system,
e.g., subtle differences in the receptor expression level or a result of the clonal
selection needed to establish the cells lines. For b), the adenylyl cyclase
inhibition by orexin receptors was unexpected since it, though being fully
inhibitable by the Gi inactivator pertussis toxin, was also fully (OX1) or
partially (OX2) inhibited by UBO-QIC/FR900359. This is difficult to explain,
though it goes well together with other oddities of orexin receptor signaling. It
nevertheless stresses that the downstream readouts, however well
determined, are weak substitutes for direct measurements of G-protein
activation and vice versa.
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The final study (IV) presents derivation of a mathematical model for an
obligate G-protein-coupled receptor homodimer and some characterization of
the model. The model allows the co-operativity to be separately set for receptor
binding and activation. Most interestingly, it could be shown – as had been
hypothesized – that antagonistic ligands (no intrinsic activity) can be both
antagonists and allosteric modulators at the same time solely via the
orthosteric binding site. Although this is simple and obvious, it seems to
constitute a novel concept. However, no experiments were performed in this
study, and thus it cannot be verified that this is actually taking place.
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SAMMANFATTNING

Orexinsystemet, som består av peptiderna orexin-A och -B och receptorerna
OX1 och OX2, upptäcktes 1998. Det väckte omedelbart mycket intresse för sin
(eventuella) roll i reglering av aptit–metabolism och sömn–vakenhet.
Orexinreceptorernas signalering är invecklad: de kopplar primärt åtminstone
till tre av de fyra G-proteinunderfamiljerna och även till andra proteiner, och
de cellulära svaren nedströms från dessa är ovanliga. Detta gör receptorerna
intressanta även för basvetenskaper.

I de studier som inkluderats i denna avhandling undersöks
orexinreceptorernas signalering med hjälp av mätningar på cellnivå och
matematisk modellering. De tre första arbetena (I–III) utnyttjade
rekombinanta celler som uttrycker människans OX1- eller OX2-receptorer.
Studiernas syfte var att jämföra signaleringen mellan dessa två
receptorundertyper via de olika G-proteinunderfamiljerna Gi/o, Gs, Gq och
G12/13. I arbete II var en avstickare nödvändig: för att veta vilka svar som
eventuellt förmedlades av Gq-proteiner måste en ny hämmare, UBO-
QIC/FR900359, karakteriseras. Resultaten tyder i korthet på a) att de två
receptorundertyperna signalerar i stort sett likadant (i motsättning till det ofta
upprepade påståendet) och b) att de flesta av de undersökta svaren förmedlas
av Gq (eller dess nära släktingar G11 och G14). Dock kunde även små skillnader
mellan OX1 och OX2 ses: fosfolipas D (Gq) och adenylatcyklas (Gs)
aktiverades klart svagare av OX2 än av OX1, men man kan inte på basis av dessa
studier avgöra, om resultatet härstammar i) från en inherent skillnad mellan
receptorundertyperna eller ii) från cellinjerna och hur de skapats. Ett oväntat
resultat erhölls för adenylatcyklashämningen: denna respons, som vi tidigare
ansett bero helt på Gi, kunde nu även hämmas helt (OX1) eller delvis (OX2)
av Gq-hämmaren UBO-QIC/FR900359. Det finns ingen uppenbar förklaring
till detta, men resultatet understryker behovet av metoder som direkt mäter
G-proteinaktivitet.

Det sista arbetet (IV) består av utveckling och testning av en matematisk
modell för homodimeriska G-proteinkopplade receptorer. Med modellen
kunde man reproducera vissa beteenden hos orexinreceptorer och förutspå
andra. Det intressantaste var att de spekulationer som fötts ur tidigare resultat
besannades: man kan via det ortosteriska bindningsstället skapa beteenden
som ser allosteriska ut. Ren modellering bevisar dock inte att detta är den
korrekta förklaringen, utan experimentell evidens krävs.
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ABBREVIATIONS

1-SORA and 2-SORA selective orexin receptor antagonist with
preference for OX1 or OX2, respectively

2-AG 2-arachidonoyl glycerol
AA arachidonic acid
AC adenylyl cyclase
ADME administration, distribution, metabolism,

excretion
BAT brown adipose tissue
BMI body mass index
BRET bioluminescence resonance energy transfer
CHO cells Chinese hamster ovary (CHO-K1) cells
cryo-EM cryo-electron microscopy
CNS central nervous system
CSF cerebrospinal fluid
CTx cholera toxin
D609 O-(octahydro-4,7-methano-1H-inden-5-yl)

carbonopotassium dithioate
DAG and MAG di- and monoacylglycerol, respectively
DAGL and MAGL di- and monoacylglycerol lipase, respectively
dyngo 4a 3-hydroxy-N'-([2,4,5-

trihydroxyphenyl]methylidene)naphthalene-2-
carbohydrazide

ERK extracellular signal-regulated kinase
G12/13 A subfamily of heterotrimeric G-proteins, with

the members G12 and G13. The naming comes
from G, and thus there also are G12 and G13.

G heterotrimeric G-protein -subunit
G heterotrimeric G-protein - and -subunit

complex
GF109203X bisindolylmaleimide I, Gö6850, 2-(1-[3-

dimethylaminopropyl]-1H-indol-3-yl)-3-(1H-
indol-3-yl)-maleimide

GFP green fluorescent protein
Gi/o A subfamily of heterotrimeric G-proteins, with

the members Gi1–3, Go1–2, Gt1–2, Ggust and Gz. The
naming comes from G, and thus there also are
Gi1–3 etc.

GPCR G-protein-coupled receptor
(lyso-)GPL (lyso-)glycerophospholipid
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Gq A subfamily of heterotrimeric G-proteins, with
the members Gq, G11, G14, and G15. The naming
comes from G, and thus there also is Gq etc.

Gs A subfamily of heterotrimeric G-proteins, with
the members Gs (several different transcripts
and proteins) and Golf. The naming comes from
G, and thus there also is Gs etc.

HEK cells human embryonic kidney (HEK293) cells
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic

acid
IBMX 3-isobutyl-1-methylxanthine
icv intracerebroventricular(ly)
IP3 inositol-1,4,5-trisphosphate
LPA lysophosphatidic acid
LPC lysophosphatidylcholine
MAPK mitogen-activated protein kinase
NCX Na+–Ca2+-exchanger
NSCC non-selective cation channels
NT1 and -2 narcolepsy type 1 and 2, respectively
PA phosphatidic acid
PDB protein data bank
PIP2 phosphatidylinositol-4,5-bisphosphate
PKA and PKC protein kinase A and C, respectively
PLA2, PLC and PLD phospholipase A2, C and D, respectively
PLD1i PLD1 inhibitor (N-[2-[4-(5-chloro-2,3-dihydro-

2-oxo-1H-benzimidazol-1-yl)-1-piperidinyl]-1-
methylethyl]-2-naphthalenecarboxamide)

PPO prepro-orexin
PTx pertussis toxin
REM rapid eye movement
TRP (channel) transient receptor potential (channel)
UBO-QIC L-threonine,(3R)-N-acetyl-3-hydroxy-L-leucyl-

(aR)-a-hydroxybenzenepropanoyl-2,3-
idehydro-N-methylalanyl-L-alanyl-N-methyl-
L-alanyl-(3R)-3-[[(2S,3R)-3-hydroxy-4-methyl-
1-oxo-2-[(1-oxopropyl)amino]pentyl]oxy]-L-
leucyl-N,O-dimethyl-,(7→1)-lactone (9CI)

VGCC voltage-gated Ca2+ channel
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1 INTRODUCTION

Orexin peptides – prepro-orexin/prepro-hypocretin, orexin-A/hypocretin-1
and orexin-B/hypocretin-2 – and their cognate G-protein-coupled receptors
(GPCRs) – OX1 and OX2 orexin receptors – were discovered in 1998 and
gathered much interest from the very beginning. This is not surprising: the
receptors appeared to be involved in the regulation of sleep–wakefulness and
appetite–metabolism, which represent very central physiological processes
and major therapeutical interests. This is reflected in the high number of the
papers published: on May 4, 2021, a PubMed search of orexin or hypocretin
gave 5900 hits. Most of the current knowledge is derived from rodents, but the
three orexin receptor-targeting drugs in the clinical use – and hopefully more
on the way – can supply important information from (and for) human. For a
GPCR freak, the orexin receptors offer initially trivial-looking receptors which
at a closer look show a very complex and promiscuous signaling. Surprisingly
little has been done in this field, and much of the current knowledge actually
originates from the group the current thesis is coming from.

Even for the orexin physiology and potential therapeutic areas, there is still
much to be done. In addition to those physiological processes already
mentioned, many more potential ones have been identified or suggested, the
most central probably being addiction. Many of the experimental results have
given rise to further questions. For the major disorder of the orexinergic
system, narcolepsy, we still do not know the etiology and pathogenesis. We
must also see the potential pitfalls. Many of the tools generated for orexin
research are not that straight-forward to use and require in-depth
understanding of the system and the methods. The "popularity" of orexins has
even attracted less serious research and one must be careful in the
interpretation of the published data.
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2 REVIEW OF THE LITERATURE

2.1 HISTORY OF OREXINS

Orexins and orexin receptors were discovered in 1998 simultaneously by two
different groups (de Lecea et al., 1998; Sakurai et al., 1998). de Lecea et al.
(1998) reported two novel hypothalamic peptides that could excite
hypothalamic neurons. They coined these peptides hypocretin 1 and 2, which
refers to their hypothalamic origin and some sequence similarity with
incretins. Sakurai et al. (1998) deorphanized the orphan receptor HFGAN72
by isolating two peptides from the rat brain utilizing a Ca2+ elevation assay.
Another orphan receptor gene sequence was identified in an expressed
sequence tag (EST) library, cloned and shown to bind and respond to the
peptides as well. They further mapped the genes for the receptors and the
prepro-peptide that coded for both peptides, to human chromosomes, and
investigated the tissue expression of the prepro-peptide and the receptor
mRNAs. Finally, they showed the coupling of the peptides to appetite
regulation in rats: Prepro-peptide expression increased upon fasting and
cerebroventricular infusion of the mature peptides could stimulate food
intake. Because of this effect the peptides were coined orexins; the mature
peptides are orexin-A and -B, the prepro-peptide prepro-orexin (PPO) and the
receptors OX1 and OX2 orexin receptor. Soon after the publication of the
studies it was realized that the hypocretins and orexins were basically the same
peptides.

The discovery of orexins led to a burst of research activities on orexins. The
major discoveries, soon to emerge, were related to narcolepsy: i) canine
hereditary narcolepsy is caused by incapacitating OX2 mutations (three
distinct ones in three different breeds) (Lin et al., 1999; Hungs et al., 2001;
Mignot, 2004), ii) human narcoleptic patients have very low orexin-A levels in
their cerebrospinal fluid (CSF) (Nishino et al., 2000), and iii) PPO knockout
mice display narcoleptic phenotype (Chemelli et al., 1999). Development of
tools for orexin research started instantaneously – or even before the
publication of the first two papers – and has given the researchers, for
instance, diverse knock-out and knock-in animals, virus vectors for animal
use, antibodies against the orexin peptides and receptors, and small molecule
antagonists and agonists. Drug discovery attempts – usually not just aiming at
tools but at therapeutic drugs – were active early on. Tens of lead structures
for antagonists have been published to date, some are in different stages of the
drug discovery process, and two, the dual orexin receptor antagonists
(DORAs), i.e., receptor subtype-non-selective antagonists, suvorexant
(Merck/MSD) and lemborexant (Eisai), are in clinical use as sleeping aids in
some countries (Coleman et al., 2019) – though still not anywhere in Europe.
The U.S. Food and Drug Administration (FDA) approved the DORA



17

daridorexant (Quviviq) in January 2022 and the approval by the European
Medicines Agency (EMA) is imminent after the recommendation of the
scientific committee of EMA in February 2022 (Idorsia communiqués
https://www.idorsia.com/media/news-details?newsId=2665386 and
https://www.idorsia.com/media/news-details?newsId=2696669). More
recently, even small molecule agonists have been developed (Coleman et al.,
2019).

2.2 THE OREXIN SYSTEM

Orexin peptides are the prepro-peptide PPO and orexin-A and orexin-B (in
human 33 and 28 amino acids , respectively) that are produced from PPO – in
principle – in equal amounts (one of each in one molecule of PPO) (Sakurai et
al., 1998). Both peptides are subject to the standard biological "stabilization"
by C-terminal amidation, and orexin-A additionally contains an N-terminal
pyroglutamate (cyclized from glutamine) and two intrachain disulfide bridges
(Sakurai et al., 1998) (Fig. 1). The enzymes responsible for the processing are
unknown.

Orexin-A and -B show significant similarity or even identity in the C-
termini (Fig. 1A) (see also Alvarez and Sutcliffe, 2002, for an evolutionary
explanation to this). The peptide sequences for each mature orexin peptide
across mammalian species are either fully conserved or highly similar but start
diverging when we look into other tetrapod classes and fishes (Fig. 1BC) (Soya
and Sakurai, 2020).

Figure 1 Orexin peptides in different species. A) Human orexin-A and -B. B–
C) Orexin-A and -B of different species, respectively. The staples
indicate disulfide bridges (in A; not shown in B) and the grey boxes
identical residues. Both peptides are N-terminally amidated as
indicated.

https://www.idorsia.com/media/news-details?newsId=2665386
https://www.idorsia.com/media/news-details?newsId=2696669
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Only the proximal PPO gene (Hcrt) promoter (3.2 kb) has been
investigated in mice (Sakurai et al., 1999). This sequence directs the
expression solely to the orexinergic neurons of the hypothalamus, and has
been utilized to express green fluorescent protein (GFP) and many other
proteins in orexinergic neurons in mice (and rats), as reviewed in Table 2 of
(Kukkonen, 2013).

Orexin receptors, OX1 and OX2 (the genes are called Hcrtr1 and Hcrtr2,
respectively), are G-protein-coupled and constitute their own subfamily
within the class A of the GPCR superfamily. The overall peptide sequence
identity between the human receptor subtypes is 64% – 80% if only the
transmembrane domains are compared – and the overall peptide sequence
identity for each receptor subtype across the mammalian species (orthologs)
is 91–98% (Kukkonen et al., 2002; Rinne, 2019). The mouse OX2 is, due to
alternative splicing of mRNA, present in two protein variants (Chen and
Randeva, 2004). The human OX2 receptor is also present in four alternatively
spliced mRNA variants but these all give the same protein sequence (Chen and
Randeva, 2010). There is a predicted human Hcrtr1 transcript
(https://www.ncbi.nlm.nih.gov/nuccore/XM_017001107), which produces
an OX1 receptor with most of the receptor C-terminus different from the
consensus sequence. As concerns OX2, a predicted transcript
(https://www.ncbi.nlm.nih.gov/nuccore/XM_017010798) codes for 17 extra
amino acids in the C-terminus as compared to the consensus OX2 sequence.
One actually sequenced transcript (https://www.ncbi.nlm.nih.gov/nuccore/
KC812500) leads to a protein that first diverges and then gets truncated in
the third intracellular loop; at the point of divergence, a splicing site is
skipped and the divergent piece comes from a retained intron. No
information about the mechanism of the intron retention or its significance
has been published to date. Intron retention in general and its potential
roles have been recently reviewed (Monteuuis et al., 2019; Zheng et al.,
2020). There are other known truncated GPCRs, produced by both intron
retention and exon skipping (Wise, 2012; Schöneberg and Liebscher, 2021).

The "lowest" species with orexin peptides to date are fishes. However, the
insect allatotropin peptides and receptors have been proposed to correspond
to the vertebrate orexin system (Horodyski et al., 2011; Mirabeau and Joly,
2013; Alzugaray et al., 2019). Studies to find the orexin/allatotropin peptides
or receptors in different types of chordates and protostomes as well as in the
common ancestors of vertebrates and insects are under way.

2.3 G-PROTEIN-COUPLED RECEPTORS

GPCRs constitute one of the largest gene families. The predictions of
functional human receptor gene numbers have been varying between 750 and
1000 (Gloriam et al., 2007). Even with a determined number of genes, the
exact number of functional receptors is difficult to know since alternative

https://www.ncbi.nlm.nih.gov/nuccore/XM_017001107
https://www.ncbi.nlm.nih.gov/nuccore/XM_017010798
https://www.ncbi.nlm.nih.gov/nuccore/KC812500
https://www.ncbi.nlm.nih.gov/nuccore/KC812500


19

splicing and receptor hetero di-/oligomerization take place. More than 50% of
the human receptors engage in olfaction, while in rodents the even higher
number of olfactory GPCRs increases the total GPCR number to the vicinity of
2000 (Gloriam et al., 2007).

The fingerprint GPCR structure consists of a single polypeptide chain
crosses the membrane 7 times giving an extracellular N-terminus and
intracellular C-terminus in the normal plasma membrane expression. This
structure was predicted before the first GPCR (bovine rhodopsin) crystal
structure was determined by X-ray diffraction (Palczewski et al., 2000).
However, alternatively spliced GPCRs may diverge from this (Wise, 2012;
Schöneberg and Liebscher, 2021), and all proteins, such as the archetypal
bacteriorhodopsin (Henderson and Unwin, 1975) or human adiponectin
receptors (Vasiliauskaite-Brooks et al., 2019), are not GPCRs despite the
"GPCR structure". Some dozens of 3D structures for GPCRs are currently
available; most are still products of X-ray diffraction but some also of cryo-
EM. For crystallization, GPCRs need to be stabilized in different ways,
including amino acid changes, fusion with easily crystallizable proteins such
as lysozyme (Rosenbaum et al., 2007) and use of nanobodies (Rasmussen et
al., 2011; Manglik et al., 2017); the techniques have been much improved by
the work of the 2012 Nobel laureate in chemistry, Brian Kobilka. While co-
crystallization of the receptors with ligands aids in the determination of the
binding modes of the ligands, the ligands also help in stabilizing the receptor.
Cryo-EM, on the other hand, does not require pure crystalline protein and thus
is more tolerant to the conditions including requirements for protein
modifications (Garcia-Nafria and Tate, 2020). Both approaches have allowed
determination of the structures of receptors with G-proteins and even the
active receptor states (or states presumed to be the active ones); as an example,
cryo-EM was recently used to determine the structure of the agonist-bound
(active?) state of the OX2 receptor (Hong et al., 2021).

Based on gross structural features, direct sequence similarity,
pharmacology and even expression in species, GPCRs were originally divided
into classes A–F [A: rhodopsin-like, B: secretin receptor-like, C: metabotropic
glutamate receptors (etc.), D: fungal mating pheromone receptors, E: cAMP
receptors, F: frizzled and smoothened receptors] (see, e.g., Attwood and
Findlay, 1994). More recently, evolutionary features have been used to divide
the human receptors into the classes GRAFS (glutamate, rhodopsin, adhesion,
frizzled and taste2, secretin) (Fredriksson et al., 2003). This additional
information has been adopted to the revised A–F classification (A: rhodopsin,
B1: secretin, B2: adhesion, C: glutamate, D1: fungal pheromone receptors, F:
frizzled, T: taste2 and other (some orphan receptors)] (https://gpcrdb.org/).

GPCRs are more plentiful than known ligands acting on them. A partial
explanation to this comes from the fact that there still are orphan receptors,
i.e., receptors without identified physiological ligands. For receptors with
known ligands the situation varies. There are notable subfamilies, such as the
receptors for (mono)amines (adrenoceptors, dopamine receptors, serotonin

https://gpcrdb.org/
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receptors, histamine receptors), in which there are much higher numbers of
receptors than endogenous ligands (see https://www.guidetopharmacology.
org/). Mammalian genome has undergone two rounds of whole genome
duplication generating in principle 4 genes per one original gene, which may
explain part of the receptor diversity when each "daughter gene" diverges from
the original one; the same may naturally happen upon local duplications or
other even larger reorganizations (Rinne et al., 2019). In some cases, the
receptors may retain rather similar functions (but gain, e.g., tissue-specific
expression), such as many adrenoceptor subfamily members, whereas
diversification or even loss of one of the copies (pseudogene) can also be the
result (Rinne et al., 2019).

2.3.1 GPCR SIGNALING

2.3.1.1 Heterotrimeric G-proteins
The original GPCR concept was that they were to bind extracellular ligands
and get activated by these resulting in a conformational change that was
sensed by heterotrimeric G-proteins on the intracellular leaflet of the plasma
membrane (Gilman, 1987). The resulting G-protein activation would release
GDP from the G-protein -subunit (G) and GTP would bind instead, which
would trigger the separation of the G-GTP from the -subunit complex (G)
(Gilman, 1987). G-GTP would then transmit the signal. In time, G would
hydrolyze GTP to GDP, and upon the release of the phosphate, the G-GDP
and G would rejoin in the trimeric complex (Gilman, 1987). It was also
assumed that there was an excess of available G-proteins and that the GTP
hydrolysis and phosphate release would take much longer than the G-protein
activation, giving the receptor the capacity to activate several G-proteins
during its activity. While a lot of this may still be valid, additional information
has emerged, including, e.g.:
 G can also transmit receptor signals (Logothetis et al., 1987).
 The hydrolysis rate of GTP by G is regulated by other proteins (Zhong et

al., 2003).
 There may not always be a G-protein excess due to, e.g., low expression,

signal complexes and kinetic and spatial factors (Zhong et al., 2003; Hilger
et al., 2018).

 Full separation of G-GTP and G may not (always?) occur (reviewed in
Chung and Wong, 2021).

Heterotrimeric G-proteins are divided, based on the genetics (and actions) of
the-subunits, into four subfamilies (for reference, see Gilman, 1987; Milligan
and Kostenis, 2006; Smrcka, 2008):
 Gi/o: Originally "i" comes from the inhibition of adenylyl cyclase (AC) by

Gi – though it has later been shown that not all AC isoforms are inhibited
– and "o" stands for other. This subfamily is also thought be the major
source of G. In addition to the AC inhibition, pre- and postsynaptic
inhibition via the - and -subunits is a major role for these G-proteins

https://www.guidetopharmacology.org/
https://www.guidetopharmacology.org/
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(see below). The subfamily additionally contains the transducins (Gt1–2)
and gustducin (Ggust). The members of the subfamily – except Gz – are
inactivated upon ADP-ribosylation by pertussis toxin (PTx).

 Gs: Originally "s" comes from the stimulation of AC by Gs. The members
of the subfamily are activated upon ADP-ribosylation by cholera toxin
(CTx). The subfamily also contains the olfactory G-protein Golf.

 Gq: These proteins activate phospholipase C (PLC). A cyclic bacterial
depsipeptide, YM-254890 (and its more recent relative, UBO-
QIC/FR900359; see III), is known to selectively inhibit members of this
subfamily: Gq, G11 and G14 are susceptible whereas G15 is not (Takasaki et
al., 2004; Nishimura et al., 2010). G16 is the human ortholog of G15; even
for that G15 is the preferred name and thus G15 is used here.

 G12/13: This is the "newest" of the subfamilies. There are several targets,
including nucleotide exchange factors for Rho family of monomeric G-
proteins (e.g., Lsc/p115RhoGEF) and protein phosphatase 5.

As indicated above, even the G-complex transduce signals. This signaling is
thought to arise mostly from the Gi/o. The central signals include the activation
of inward rectifier K+ channels, inhibition of voltage-gated Ca2+ channels
(VGCCs), inhibition or stimulation of AC and stimulation of PLC and
phosphoinositide-3-kinase. In addition to the heterotrimeric G-proteins,
GPCRs interact and potentially mediate responses via a number of other
proteins (Ritter and Hall, 2009; Walther and Ferguson, 2015). In some cases,
the signal transducers may be partially cell type-specific while at least -
arrestin is a general signal transducers for GPCRs (Shenoy and Lefkowitz,
2011).

In the lack of efficient and selective inhibitors for the specific G-proteins,
there have been attempts to inhibit these utilizing molecular biological
constructs; however, these are seldom effective or highly selective (Kukkonen,
2004b). The dominant-negative G-subunits are – based on their mechanism
– either crowding or jamming the receptors (Kukkonen, 2004b), which is
unlikely to give any specificity of inhibition but instead a rather non-specific
inhibition of all or random functions of the receptors (Kukkonen, 2004b;
Barren and Artemyev, 2007). Unfortunately, this is not always recognized.
There are, also, some lower molecular weight dominant-negative G-proteins
(Feldman et al., 2002) that might in principle be useful, but these are usually
less well characterized. In the "smallest" end are the products of the G-
minigenes (Gilchrist et al., 2002), but apparently these suffer from less good
expression in the cells (own observations and personal communication).
Jamming the sites of interaction at downstream effectors would be a more
optimal function for dominant-negative G-subunits as long as the sites are
specific for the particular G-protein subunit. Overexpression of GTPase-
activating proteins might inactivate particular active G subunits, but these
may not be very effective or selective (Kukkonen, 2004b). For PTx-sensitive
G-proteins, the PTx-insensitive mutants come close to dominant-negative G-
proteins: upon expression of these and exposure to PTx, the native PTx-
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sensitive G-proteins are inactivated and the specificity of the receptor's
coupling to the Gi/o-subfamily G-proteins can be assessed – assuming that the
mutant proteins couple as the native ones. However, this also requires
overexpression. Some very prominent results were obtained already 30 years
ago by knocking down G, - and -subunits (Kleuss et al., 1991; Kleuss et al.,
1992; Kleuss et al., 1993), but so good results have been hard to obtain in most
later studies, and we may assume that other members of the same subfamilies
can take the place of the ones knocked down. Sequestration with suitable
overexpressed proteins or protein domains has been used to inhibit of G-
mediated signaling (Federman et al., 1992; Koch et al., 1994; Jeong and Ikeda,
1999; Gulati et al., 2018).

The other possibility to assess the receptors' coupling would be to measure
the activity of the G-proteins. Some earlier methods, e.g., antibody-based
detection of G-subunits labeled with 32/33P-GTP-azidoanilide (2.7) or 35S-
GTPS, require cell permeabilization and are very laborious and expensive
(Kukkonen, 2004b). The usual methods require overexpression of the
detection system and as such may distort the readout. One such tool is
chimeric G-subunits, which couple to an easily measured readout, e.g., AC or
PLC stimulation (Milligan and Rees, 1999; New and Wong, 2005; Inoue et al.,
2019). However, these have been suggested to not work as normal G-
subunits (Milligan and Rees, 1999; New and Wong, 2005). Measurement of
bioluminescence resonance energy transfer (BRET) between the receptor and
the G-subunit (alternatively between G and G) or luciferase
complementation between the receptor and the G require modification of
both the receptor and the G-protein subunit(s) (Yano et al., 2018; Wan et al.,
2018; Laschet et al., 2019; Olsen et al., 2020) and potentially also high
expression levels of these components. An interesting recent study utilizes
native receptors and G-proteins and overexpresses, instead, putatively
selective downstream signaling components (Avet et al., 2022). Thus, the
method allows assessment of native receptor coupling to the different G-
protein subfamilies (except the Gs subfamily). This method may not distort the
receptor–G-protein levels but the detection of the activity by BRET (as it is
done) may require quite high expression of these downstream components or
block feedback effects.

Label-free methods aim at avoiding the problem that the system is grossly
affected upon measurement. Attempts to measure specific G-protein
activation using these methods have, in my opinion, not produced anything
very useful: the readouts clearly reflect some far downstream responses, as
indicated by the slow responses, and the different G-protein pathways cannot
be separated from each other (see, e.g., Suutari, 2020; Suutari et al., 2020).

Orexin receptor signaling is complex, and the details are only briefly
presented here while my reviews present more details (Kukkonen, 2013;
Kukkonen and Leonard, 2014; Leonard and Kukkonen, 2014; Kukkonen,
2017; Kukkonen, 2019; Kukkonen and Turunen, 2021) and also serve as
additional references to the statements below. The original publications are in
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most cases numerous (several dozens) and thus only the first or particularly
significant ones are cited below.

Orexin receptors have been investigated for their primary signal
transducers in a few studies on native cells. The direct measurements utilizing
[32/33P]GTP-azidoanilide binding to activated G-proteins and antibody-based
identification of these (Kukkonen, 2004b) points out the ability of orexin
receptors (OX2?) to activate Gq, Gi and Gs subfamily G-proteins (Karteris et al.,
2001; Randeva et al., 2001; Karteris et al., 2005; reviewed in Kukkonen and
Leonard, 2014; Leonard and Kukkonen, 2014). Orexin stimulation of
[35S]GTPS binding in rat brain slices (Bernard et al., 2002; Bernard et al.,
2003) suggests receptor coupling to Gi/o.

In most studies (and even reviews!), the primary signal transduction has
been "backtracked" from more easily measured downstream signals or
reasoned based on other studies. Neither type of extrapolation is readily
recommendable (Kukkonen, 2004b). Orexin receptor signaling is usually
inferred as Gq-mediated, which is effectively only based on the original finding
of the coupling of these receptors to Ca2+ elevation in recombinant HEK293
cells (Sakurai et al., 1998) – and possibly our findings of the strong coupling
of orexin receptors to PLC in a number of recombinant cell lines (Lund et al.,
2000; Holmqvist et al., 2002; Johansson et al., 2007; Putula and Kukkonen,
2012). However, even other G proteins can activate PLC – and potentially even
other PLC isoforms than PLC usually associated with the Gq signaling
(Kadamur and Ross, 2013; Katan and Cockcroft, 2020). Indirect methods
applied in our CHO-K1 cells suggest involvement of Gi and Gs proteins in the
signaling of OX1 receptor (Holmqvist et al., 2005), while evidence of this for
OX2 was obtained in I and III and of the role of Gq for both receptor subtypes
in III.

Two recent studies with high throughput readouts for all heterotrimeric G-
proteins (or at least all heterotrimeric G-protein subfamilies) have included
human orexin receptors. Orexin-A seems to activate members of all four
heterotrimeric G-protein subfamilies via both receptor subtypes in HEK293
cells, when chimeric G-proteins are used for detection, though the data are
somewhat difficult to interpret (Inoue et al., 2019). Another study in principle
assesses the native G-proteins' activity; however, the way the experiments are
conducted in this study relies on heterologous overexpression of G-proteins
(Avet et al., 2022). This study only targets OX2 and finds it to couple to all
heterotrimeric G-protein subfamilies except Gs.

2.3.1.2 -arrestin
Arrestin is a protein involved in the rhodopsin desensitization and
internalization, and its cognate, -arrestin (actually there are the isoforms -
arrestin-1 and -2), was originally thought to play the same role for other
GPCRs (Wilden et al., 1986; Benovic et al., 1987; Attramadal et al., 1992). In
essence, the receptor would be phosphorylated by a kinase [a member of the
G-protein-coupled receptor kinase (GRK) family] which would cause a partial
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desensitization and allow -arrestin binding, which would result in additional
desensitization and internalization of the receptor. It was then discovered that
the internalized, -arrestin-bound receptor is not just waiting for recirculation
or degradation but is actively signaling: -arrestins also function as
scaffold/adaptor proteins (Daaka et al., 1998). The most classical signal
coming from this scaffold is the activation of the mitogen-activated protein
kinase (MAPK) pathways; more functions are constantly proposed (Shukla et
al., 2011). It has recently been demonstrated that -arrestin signaling does not
occur in the absence of functional heterotrimeric G-proteins (Grundmann et
al., 2018), which, in the end, may not be that surprising considering the
original ideas (see also Gurevich and Gurevich, 2018).

Recombinant orexin receptors have been shown to interact with
recombinant -arrestins. Both receptor subtypes interact with recombinant -
arrestin-2 upon orexin-A challenge and start internalizing after a while (Evans
et al., 2001; Dalrymple et al., 2011). The C-termini of both receptors are at least
partially involved in the interaction (Milasta et al., 2005; Dalrymple et al.,
2011; Jaeger et al., 2014). The interaction of OX2 with both -arrestin isoforms
is suggested to be more sustained than that of OX1 (Dalrymple et al., 2011).
What functional significance -arrestins have in orexin receptor signaling is
unknown; the functional studies suggest some involvement of -arrestin in the
extracellular signal-regulated kinase (ERK) phosphorylation (Milasta et al.,
2005; Dalrymple et al., 2011).

In addition to heterotrimeric G-proteins and -arrestin, interaction with
dynein light chain Tctex-types 1 and 3 and the protein phosphatase SHP-2 has
been suggested for OX1 (Voisin et al., 2008; El Firar et al., 2009; Duguay et al.,
2011; reviewed in Kukkonen and Leonard, 2014; Leonard and Kukkonen,
2014).

2.3.1.3 Phospholipase C
PLC comes in many isoforms regulated by different factors, the only common
one being Ca2+ – but even that does not hold true for the novel PLC isoforms.
PLC is classically associated with GPCR signaling along the Gq pathway: Gq

 PLC  inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) from
plasma membrane phosphoinositides (Fig. 2). IP3 receptor channels of the
endo-/sarcoplasmic reticulum open in response to IP3 and give thus rise to
intracellular Ca2+ elevation, which is often followed by the so-called
capacitative Ca2+ influx (see 2.3.1.4). We must recognize that when the
substrate is phosphatidylinositol-4,5-bisphosphate (PIP2), the product is IP3,
but lower phosphorylated species IP(1) and IP2 – of unknown physiological role
– are released when the substrate is phosphatidylinositol (PI) or
phosphatidylinositol monophosphate (PIP), respectively (Fig. 2) (Johansson
et al., 2007).

DAG is also a second messenger; it was originally associated with the
activation of protein kinase C (PKC; Fig. 3), but it has plenty of other targets
and it can also act as a source of other second messengers. One of the latter is
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phosphatidic acid (PA), produced upon phosphorylation of DAG by
diacylglycerol kinase (Merida et al., 2008). Diacylglycerol lipase (DAGL)
hydrolyzes diacylglycerol at sn1-position, likely releasing a non-signaling fatty
acid and 2-monoacylglycerol (MAG): DAG + H2O  a fatty acid + MAG (Fig.
2, Fig. 3). The latter, if it contains, arachidonic acid (AA), is called 2-
arachidonoyl glycerol (2-AG) and is, for instance, an agonist for CB1 and CB2

cannabinoid receptors (Di Marzo and Petrosino, 2007) (Fig. 3).
Monoacylglycerol lipase (MAGL) – and some other enzymes (Savinainen et
al., 2012) – is able to hydrolyze, e.g., 2-AG: 2-AG + H2O  AA + glycerol (Fig.
2, Fig. 3). AA is a messenger by its own right and a substrate for the generation
of eicosanoids.

However, also PLC isoforms other than PLC may be involved, giving the
possibility of contribution from at least Gs (via cAMP  EPAC  Rap2 
PLC) and G12/13 (via LARG or Lsc/p115RhoGEF  Rho  PLC). G (from
Gi/o?) is known to stimulate some PLC isoforms (at least PLC and -); novel
information of this with regard to PLC has been presented recently (Pfeil et
al., 2020). Phosphatidylcholine-specific PLC (phosphatidylcholine + H2O 
phosphocholine + DAG) has been found in bacteria and similar activity has
been suggested to be present in mammalian species, but the enzyme has not
been identified. A putative inhibitor of this putative enzyme, D609 [O-
(octahydro-4,7-methano-1H-inden-5-yl) carbonopotassium dithioate], has
nevertheless been used often – even in the case of orexin receptors – to suggest
involvement of this enzyme. Sphingomyelin synthase catalyzes the reaction
ceramide + phosphatidylcholine  sphingomyelin + DAG, and is inhibited by
D609, offering one explanation to the mammalian "phosphatidylcholine-
specific PLC activity" (Luberto and Hannun, 1998). A recent study suggests
that the protein known as sphingomyelin synthase-related protein is a
mammalian phosphatidylethanolamine-specific PLC (phosphatidylethanol-
amine + H2O  phosphorylethanolamine and DAG) (Chiang et al., 2021).

Additional references to the statements above can be found in the reviews
(Brose and Rosenmund, 2002; Bunney and Katan, 2006; Carrasco and
Merida, 2007; Kukkonen, 2011; Kadamur and Ross, 2013; Katan and
Cockcroft, 2020).

Figure 2 (Next page) The potential phospholipase actions as originally
depicted for OX1 receptor. A, a simpler scheme; B, a scheme with
potential interactions on the substrate level; additional interactions
come from regulation of the relevant enzymes by phosphorylation.
The abbreviations are: FFA, free fatty acid; IP1 and IP2, inositol
mono- and bisphosphates, respectively; otherwise, they are the
same as in the text. Stars indicate compounds active as messengers.
The figure is from (Kukkonen, 2014) and is reproduced with the
general permission from the publisher, Elsevier
(https://www.elsevier.com/about/policies/copyright).

https://www.elsevier.com/about/policies/copyright
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In recombinant cell lines, both human orexin receptor subtypes strongly
couple to PLC, as indicated by elevation of gross inositol phosphates (and IP3

and DAG, as also sometime measured) (Lund et al., 2000; Holmqvist et al.,
2002; Johansson et al., 2007; Johansson et al., 2008; Tang et al., 2008; Putula
and Kukkonen, 2012). Which G-protein (or another signal transducer) this
relies on, was not known before III. The type of PLC is also not clear; our study
with human OX1 receptors in CHO-K1 cells suggests that two different PLC
activities with specificities for distinct inositol phospholipids are involved
(Johansson et al., 2008). DAG produced upon the PLC activity in these cells
further gives off 2-AG (upon apparent release by DAGL) and then even AA
from the hydrolysis of 2-AG (Turunen et al., 2012). This 2-AG is able to exit
the cells and act as an endocannabinoid (Jäntti et al., 2013). PLC activation
upon orexin receptor activation has also been measured in native cells and cell
lines (Mazzocchi et al., 2001a; Randeva et al., 2001; Karteris et al., 2004;
Karteris et al., 2005; Wenzel et al., 2009).

2.3.1.4 Calcium elevation
Ca2+ is a potent intracellular signal transducer and thus intracellular [Ca2+] is
kept < 100 nM, while the concentration outside the cells is > 1 mM and within
the endo-/sarcoplasmic reticulum > 100 µM. Upon even a small increase in
the Ca2+ permeability of the intracellular store membranes or the plasma
membrane, [Ca2+] in the cytosol is rapidly elevated. These two ways of
elevating intracellular [Ca2+] are referred as Ca2+ release and Ca2+ influx,
respectively.

As described above, the "classical" Ca2+ elevation via GPCRs takes place as
GPCR  Gq  PLC  IP3  IP3 receptor of the endo-/sarcoplasmic
reticulum  Ca2+ release (Fig. 3), but as described above, even other PLC
isoforms may be involved. IP3 receptors are also regulated by Ca2+ itself and
Mg2+. Another well-known Ca2+ release channel in the endo-/sarcoplasmic
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reticulum is the ryanodine receptor. It is regulated by ATP, Ca2+, cyclic ADP
ribose (cADPR) and, in muscle cells, plasma membrane depolarization.
Apparently, at least under some circumstances, Ca2+ can be released from
other sites including lysosomes and mitochondria. There are two "mysterious"
Ca2+-elevating messengers, sphingosine-1-phosphate (S1P) and sphingosyl-
phosphorylcholine (SPC) without known molecular target in Ca2+

mobilization.
Influx from the extracellular space is the other way of increasing Ca2+ in the

cytosol. This also gives a specific high Ca2+ elevation close to the Ca2+ entry
sites underneath the plasma membrane with possible role as a signaling
microdomain. Ca2+ entry most often takes place via different types of Ca2+

channels or in some cases via transporters, essentially the reverse mode action
of the Na+–Ca2+-exchanger (NCX) (Fig. 3). Ca2+ release via the IP3 receptors is
regularly followed by so-called capacitative or store-operated Ca2+ influx via
plasma membrane channels. The activation of these is directly regulated from
the Ca2+ store lumen. The role of these channels was originally thought to be
to replenish the store content but the actual function of the Ca2+ release may
be to supply Ca2+ influx for signaling purposes. Other types of Ca2+ channels
are VGCCs (Fig. 3), activated upon depolarization, and so-called second
messenger-regulated channels (2.7). Outside the realm of GPCRs, some
extracellular ligand-gated ion channels (ionotropic receptors) are permeable
to calcium. Of course, these, as nearly all other channels, are regulated by
phosphorylation and trafficking.

References to the statements above can be found in the reviews (Berridge
et al., 2003; Gees et al., 2010; Kukkonen, 2011; Takeuchi et al., 2015; Chung
et al., 2017; Lee and Zhao, 2019; Woll and Van Petegem, 2021).

Figure 3 Orexin receptor signaling via PLC to Ca2+ release, PKC activation
and 2-AG generation. The abbreviations are: NSCC(s), non-selective
cation channel(s); otherwise, they are the same as in the text. The
figure is from (Kukkonen, 2014) and is reproduced with the general
permission from the publisher, Elsevier
(https://www.elsevier.com/about/policies/copyright).

Ca2+ elevation has been measured in almost all orexin receptor-expressing
cells, native or not, except for most neurons. It has been investigated in detail
by us in recombinant CHO-K1 cells expressing human OX1 receptors, but the
mechanisms are still not clear. The Ca2+ elevation comes in part from the
extracellular space and in part from the IP3-dependent stores (originally

https://www.elsevier.com/about/policies/copyright
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discovered in Lund et al., 2000). We have hypothesized the channel to be a
TRP (transient receptor potential) family member, but we have no firm
evidence for this; some lipid messengers would constitute a likely activation
mechanism for these channels (Kukkonen, 2011; Kukkonen, 2014). The influx
does not require IP3 or Ca2+ release and it takes place at lower orexin-A
concentrations than the IP3 release (Lund et al., 2000; Ekholm et al., 2007).
Our hypothesis – based on massive amounts of indirect evidence (from
extracellular Ca2+ chelation and inhibition of Ca2+ influx) – has been that Ca2+

influx would somehow be important in coupling of the orexin receptors to
other responses (Lund et al., 2000; Johansson et al., 2007; Ammoun et al.,
2006a; Turunen et al., 2010; Jäntti et al., 2012). Since we have more recently
seen that the binding of orexin-A to the human OX1 receptor requires Ca2+

(neither OX2 nor orexin-B was tested) (Putula et al., 2014), the role of Ca2+

becomes even more complicated. Coupling of orexin receptors to VGCCs have
been suggested in the central nervous system (CNS) but also potential non-
selective cation channels (NSCCs) or reverse mode of NCX are possible (see
2.7).

The evidence and the ideas are presented in detail in our reviews
(Kukkonen and Leonard, 2014; Leonard and Kukkonen, 2014). The evidence
for the molecular players in the orexin receptor-operated Ca2+ influx is
discussed under 5.

2.3.1.5 Adenylyl cyclase
AC is an enzyme that catalyzes the reaction ATP + H2O  cAMP + PPi.
Mammalian ACs come in nine membrane-bound isoforms (AC1–9 or ACI–
IX), which are regulated in distinct ways by GPCRs, in addition to one soluble
cytosolic isoform (sAC). The classical regulators of the membrane-bound ACs
include Gs (stimulation of all isoforms), Gi (inhibition or not), forskolin (a
plant-derived, experimentally utilized stimulator of all isoforms), Ca2+

(stimulation, inhibition or none), PKA, PKC and calmodulin kinase
phosphorylation (stimulation, inhibition or none) and G (stimulation,
inhibition or none), but there are likely even other mechanisms of regulation.
It should be stressed, that every AC isoform has its own multiple regulatory
properties and that additive and synergistic effects of different regulatory
factors are typical for AC:s. Thus, while inhibition of the AC activity is often
ascribed to Gi and stimulation to Gs, these conclusions are not directly valid,
as there always are other possible explanations – and most AC isoforms are
not even inhibited by Gi. An additional level of complexity comes from the
fact that cAMP hydrolysis by cyclic nucleotide phosphodiesterases is regulated
by intracellular signals (Francis et al., 2011), and we should also take into
account protein–protein interactions in AC regulation and potential changes
in the signal complexes during the signaling (Ostrom and Insel, 2004; Wang
et al., 2009; West and Hanyaloglu, 2015; Wright et al., 2015; Halls and Cooper,
2017). Additional references to the statements above can be found in the
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reviews (Sunahara and Taussig, 2002; Sadana and Dessauer, 2009; Wang et
al., 2009; Francis et al., 2011; Maurice et al., 2014; Halls and Cooper, 2017).

Orexin receptors can clearly interact with the "classical G-proteins"
involved in AC regulation (Gi, Gs; see above), and positive and negative
regulation of the ACs has been measured in several studies (Mazzocchi et al.,
2001b; Randeva et al., 2001; Holmqvist et al., 2003; Zhu et al., 2003;
Holmqvist et al., 2005; Karteris et al., 2005; Tang et al., 2008; Rinne et al.,
2018). The involvement of different signal transducers has usually not been
assessed; in addition to Gi and Gs, orexin receptors could theoretically
utilize at least G, PKC and Ca2+ in their signaling to the AC isoforms.

2.3.1.6 Phospholipase A2

PLA2 hydrolyzes the sn2-fatty acid bond of membrane glycerophospholipids
(GPLs): GPL + H2O  a fatty acid + 1-lyso-GPL (Fig. 2). If the GPL is
phosphatidylcholine, the lyso-GPL is lysophosphatidylcholine (LPC) (Fig. 2).
Mammalian PLA2 comes in many isoforms divided into several subfamilies,
and they may serve both signaling and homeostatic roles. For GPCRs, the most
interesting one may be the cPLA2 subfamily (a.k.a. group IV PLA2), as these,
especially cPLA2 (IVA), are thought to release arachidonic acid (AA) or other
polyunsaturated fatty acids [at least eicosapentaenoic acid (EPA) but not
docosahexaenoic acid (DHA)] to serve, for instance, as precursors for
generation of, e.g., eicosanoids. LPC can activate some TRP channels (TRPC5,
TRPM8) (Kukkonen, 2011) and it acts as a precursor for lysophosphatidic acid
(LPA) (2.3.1.7). References to these statements can be found in the reviews
(Leslie, 2004; Ghosh et al., 2006; Burke and Dennis, 2009; Dennis et al., 2011;
Kukkonen, 2011; Astudillo et al., 2018).

We have previously suggested that human OX1 receptors couple to cPLA2
activation in recombinant CHO-K1 cells (Turunen et al., 2012). An additional
pathway for AA generation in these cells comes from DAG  2-AG  AA +
glycerol (Turunen et al., 2012).

2.3.1.7 Phospholipase D
The "classical" isoforms PLD1 and -2 hydrolyze phosphatidylcholine to
generate PA and choline: phosphatidylcholine + H2O  PA + choline (Fig. 2).
PA is a signaling molecule and precursor for other messengers such as DAG
(see above) and it also affects membrane curvature. Choline has been
suggested to act as an intracellular agonist for the 1 receptor, with the binding
Ki = 500 µM in competition with (+)-pentazocine (Brailoiu et al., 2019). No
direct regulatory pathways from GPCRs to PLD1/2 have been identified.
Potential, more or less direct signal pathways leading to PLD activation
include activation of small G-proteins of the Ras and Rho families and the
kinases PKC, protein kinase N (PKN), ribosomal protein S6 kinase (RSK) and
p38 MAPK, and even unsaturated fatty acids have been suggested to be able
to activate PLD2. Based on the pathways, especially the G-proteins Gq and
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G12/13 would be assumed to take part in this, but basically any G-protein could
do that.

Other related PLD family members have also been identified, namely
PLD3–6. PLD6, also known as mitoPLD, was originally found to hydrolyze
mitochondrial cardiolipin contributing to the regulation of mitochondrial
fission and fusion (Choi et al., 2006) but it also has nuclease activity like PLD3
and -4 (Ipsaro et al., 2012; Nishimasu et al., 2012). In contrast, N-
acyl/arachidonoyl phosphatidylethanolamine-hydrolyzing PLD (NAPE-PLD),
which produces the endocannabinoid anandamide (when AA is the fatty acid),
is unrelated to the mammalian PLD family members (Okamoto et al., 2009).

LysoPLDs hydrolyze LPC (or any lyso-GPL?): LPC + H2O  choline + LPA.
LPA is a GPCR and nuclear receptor agonist (Kukkonen, 2011) and it has also
been suggested to activate TRPA1 and TRPV1 channels (Kittaka et al., 2017).
One known lysoPLD is autotaxin which hydrolyzes extracellular LPC (or other
lyso-GPLs) (Aoki et al., 2008), generating extracellular LPA. LPA can also be
generated upon PLA2 (or PLA1) activity on PA (Aoki et al., 2008).

Additional references to the statements above can be found in the reviews
(Kukkonen, 2011; Peng and Frohman, 2012; McDermott et al., 2020; Bowling
et al., 2021).

We have previously shown that human OX1 receptors couple to PLD1
activation in recombinant CHO-K1 cells (Johansson et al., 2008; Jäntti et al.,
2012). The mechanism of this coupling is not fully clear, but a potential signal
might be phosphorylation by PKC (Jäntti et al., 2012).

2.3.2 GPCR DIMERS OR OLIGOMERS
GPCRs have been suggested to form di- or oligomeric homo- or heteromeric
complexes (reviewed in Milligan, 2009; Farran, 2017). The first indication of
this probably came from binding experiments indicating homotropic positive
co-operativity (Kream et al., 1980; Mattera et al., 1985; Sinkins and Wells,
1993; Kopanchuk et al., 2006; Parkel and Rinken, 2006; White et al., 2007).
Ingenious experiments in the early 1990's showed how chimeric 2–M3 and
M3–2 receptors alone were not activated upon adrenoceptor or cholinoceptor
agonist challenge. However, when the two types of chimeric receptors were co-
expressed, responses to both types of agonists were obtained (Maggio et al.,
1993). In the late 1990's, GABAB receptors – of the class C of the A–F
classification – were shown to form obligate heterodimers (Jones et al., 1998;
Kaupmann et al., 1998; White et al., 1998; Kuner et al., 1999). While specific
statements are often avoided, the current view seems to be that all GPCRs of
the (original) classes A and C make homo- or heteromeric complexes; maybe
all GPCRs do.

The number of GPCR protomers in the complex is unknown, and the
methods for investigation do not easily reveal that. Some modeling and lab
work suggest that a GPCR dimer could harbor a single G-protein (Arimoto et
al., 2001; Hamm, 2001; Han et al., 2009; Kamal et al., 2011), but recently a
class D receptor dimer was shown to bind to two G-proteins (Velazhahan et
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al., 2021). A basic GPCR structure of a dimer of dimers has also been suggested
(Maurel et al., 2008). However, both the X-ray crystallographic and cryo-EM
studies of single GPCRs only demonstrate receptor monomers for the class A
receptors. In contrast, there are demonstrations of dimeric class C GPCR
structures (Wu et al., 2014; Mao et al., 2020; Papasergi-Scott et al., 2020; Gao
et al., 2021); these receptors are known to make obligate dimers.

How a GPCR dimer/oligomer would be formed is not clear. The original
chimeric receptor study suggested a parallel domain swapping (Maggio et al.,
1993), maybe indicating interaction via transmembrane helices (see below).
GABAB receptors were originally thought to interact via the C-terminal coiled
coil domains (Kammerer et al., 1999) but interaction via the N-terminal Venus
flytrap domains is also essential (as for other class C GPCRs) (Frangaj and Fan,
2018; Pin et al., 2019). The 3D structure of the functional heterodimeric
GABAB1–GABAB2 receptor has been determined (Geng et al., 2013; Shaye et
al., 2020). For class A GPCRs, the major part responsible for the dimerization
is thought to be the transmembrane helices (class A and C) and N-termini
(class C) (Milligan, 2009; Gomes et al., 2016) and a number of studies have
demonstrated that membrane-permeating peptides or lipopeptides containing
sequences of the GPCR transmembrane domains can inhibit the di-
/oligomerization (Hebert et al., 1996; Covic et al., 2002; Salahpour et al.,
2004; Leger et al., 2006). Some studies suggest dimerization to be dynamic
process depending on the receptor expression or receptor activity state while
stable dimers have also been reported; maybe this depends on the receptor
types in the complex (White et al., 2007; Dorsch et al., 2009; Hern et al., 2010;
Cai et al., 2017; Dijkman et al., 2018).

Di-/oligomerization has been suggested to affect different GPCR properties
including membrane expression (even for GPCRs other than GABAB),
recycling, ligand preference and receptor signaling pathways, though we must
yet acknowledge that for the grand majority of cases we do not know the
significance (Maggio et al., 2007; Milligan, 2009; Gomes et al., 2016; Gaitonde
and Gonzalez-Maeso, 2017). OX1 and OX2 orexin receptors have been shown
to make homo- and heteromeric complexes with each other and basically with
every GPCR that has been tested by recombinant expression. The complexes
determined to date amount to OX1–apelin receptor, OX1–CB1, OX1–CCK1,
OX1–CRF2, OX1–ghrelin receptor, OX1–GPR103 and OX1–OR as well as
OX2–5-HT1A, OX2–CB1 and OX2–GPR103 (Kukkonen, 2017; Kukkonen, 2019;
Kukkonen and Turunen, 2021). Also 1 and 2 receptors have been suggested
to form complexes with OXRs (Navarro et al., 2015; Navarro et al., 2019).
Heterodimerization of OX1 and OR has been suggested to change the
signaling from Gq and Gi of the homomers, respectively, to Gs (Chen et al.,
2015), while another study suggests rather a functional than molecular
interaction of these receptors (Robinson and McDonald, 2015). The only
reported heteromeric complex with suggested physiological significance to
date is that between OX1, CRF1 and 1 in rat ventral tegmental area (Navarro
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et al., 2015). However, while the ex vivo measurements are convincing, the in
vitro methodology to test the inhibition of dimerization is not.

2.3.3 RECEPTOR THEORY IN ALL HASTE
Most of the early receptors (rather receptor concepts at the time) were GPCRs;
GPCRs have thus been elementary to the development of the receptor theory.
It seems that receptor/receptive substance originally meant the specific
molecular entity that the drug, toxin or potentially any molecule (including
endogenous ones) acted on the cell surface, and then widened within the
pharmacology to include any drug target (Prull, 2003; Maehle, 2004). For the
writer of this thesis this use is confusing and obsolete – though it nevertheless
appears in reference works (see, e.g., Brunton et al., 2018) – instead, drug
target would seem to be the appropriate general term. However, whatever we
call the entity now, we should not forget how import the idea of a specific
"receptor" for each drug has been for the development of pharmacology. In
general use, receptor has become to mean A. a macromolecule that acts to
receive and convey a signal mediated by – mostly – endo- or exogenous
compounds in the body but it also includes B. the sensory receptors to other
types of signals, e.g., electromagnetic radiation, mechanical energy, and
temperature. However illogical, a voltage-sensitive ion channel is not a
receptor by the force of its ability to sense the electrical field over the
membrane unless it at the same responds to something else, as the NMDA type
glutamate receptors do. The receptor in the sense A. is what I use here and
what the receptor theory deals with.

The drugs originally ended up being classified as agonists, that would bind
to the receptor's binding site and activate the receptor, and antagonists, that
would bind to but not activate the receptor. With the help from enzyme
kinetics the antagonists could be further classified to competitive ones, i.e.,
competing with the agonists for the binding, and noncompetitive (and maybe
even uncompetitive ones) that bind to another site than the agonists and yet
block the receptor activity when bound. It is quite surprising how long it took
for the receptor pharmacology to reach the level of the enzyme kinetics (see,
e.g., Henri, 1902; Henri, 1903; Michaelis and Menten, 1913) though both are
derived from physical chemistry. With this notion of non- (and uncompetitive)
inhibition, there is all of a sudden not just one binding site but two (or
many...); the primary one defined by the endogenous agonist and gating the
receptor activity would be the orthosteric binding site while any modulatory
site (utilized, e.g., by the non-/uncompetitive antagonists) would be an
allosteric binding site; this idea is probably a loan from work with other
proteins too (Monod et al., 1965). Binding of any ligand to any site would be
defined by the binding affinity, given, e.g., as the dissociation constant Kd

receptor occupancy = [LR] = [L]×[R]total
[L]+𝐾d

; derived from L + R ↔ LR  or other

alternatives such as Ki, Kb or pA2 (depending on the method used to determine
them) (Hill, 1909; Gaddum, 1937). As concerns the agonist-mediated



33

responses, they could be described with respect to how high the agonist
response was, given, e.g., as Emax (analogous to the enzyme kinetic Vmax) and
how much of the agonist would be needed to produce the half-maximal
response (½Emax) , given as EC50 (analogous to the enzyme kinetic Km). It was
noticed that the binding affinity was not the sole determinant of these agonist
properties but that there was an additional component termed activity or
efficacy. In the original mathematical formulation by Stephenson, the agonist
bound receptor, AR and its efficacy, would constitute the input to an unknown
function, i.e., the response would be ∫ efficacy × [A]

[A]+𝐾𝑑
 (Stephenson, 1956).

Intrinsic efficacy is a daughter term freed from the context of the tissue/cell
type, i.e., it is the property of the ligand; however, it still is restricted to a
particular receptor type (and response; see below). Upon the (at least partial)
theoretical separation of the efficacy from the affinity and experimental
findings, agonists could be divided into full and partial agonists (giving the
maximum and submaximal response, respectively) and a phenomenon called
spare receptors could be explained. Spare receptors represent excess
receptors, i.e., receptors that are apparently not needed for the full response
by a full agonist. A partial agonist may appear as a full agonist when there is a
great receptor surplus. It was later realized that another hyperbolic equation
could be used for Stephenson's unknown response equation: the simple
hyperbolic equation describing the binding (see above) gives the amount of the
receptor–agonist complex, [AR], which can used as a variable in another
hyperbolic equation generating the response: 𝐸 = 𝐸max × [AR]

[AR]+𝐾E
, in which the

efficacy comes from KE. This model is called the operational model, and its
mathematical expression is derived by combining the equations for the
binding and response generation (Black and Leff, 1983). From the biological
point of view this makes sense especially well for GPCRs since, whichever
endpoint we are looking at, there clearly are additional amplification steps
after the primary efficacy, which all can be quite well approximated with a
single hyperbolic equation. Naturally this does not convey any mechanistic
information but is simply useful in the pharmacological analysis of the
agonists.

The operational model was as such good and could be utilized well for
biological studies and drug discovery. However, it is not explicitly correct but
just a useful approximation, and it does not really offer an explanation to the
nature of the efficacy. Other theories, not explained here, have thus also been
developed. Another issue, that emerged, was that the operational model
clearly could not accommodate all experimental findings. It was found, even
for GPCRs, that there did not seem to be just one orthosteric binding site but
possibly several ones in potential interaction (co-operativity). As discussed in
IV, this was seen as an indication of di-/oligo-/multimeric receptors that are
quite an everyday issue for, e.g., ion channel receptors. Some receptors (or
receptor forms) were found to exert constitutive activity (obvious in retrospect
from the formulation of the receptor activation A + R  AR  AR*) and some
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(assumed) antagonists to reduce this; this led to reclassification of the receptor
ligands as agonists (efficacy > 0), neutral antagonist (neither increasing nor
decreasing receptor activity, efficacy = 0) and inverse agonists that can reduce
the constitutive (i.e., agonist-independent) receptor activity (efficacy < 0) . It
has even been inferred that there barely are any neutral antagonists, but that
antagonists are either weak (partial) agonists or inverse agonists; often this
would not make any difference, at least not for the therapeutic effect. A
continuation of this path was the theoretical postulate of a type of ligands
called protean agonists followed by actual demonstration of protean agonism.
Protean agonists are ligands that can act as agonists or inverse agonists (and
of course even as neutral agonists) on the same receptor and same response
depending on the properties of the expression system. It was seen that GPCRs
were not strictly restricted to a single G-protein subfamily (or other signal
transducers), and though initially described as deviant behavior of a few
promiscuous GPCRs, this has later been noticed to be an essential property of
all (?) GPCRs. While activation of several primary signal transducers was
discovered it was also noticed that different agonist had different potency and
efficacy in activating these. This behavior has been termed biased signaling,
and it is well grounded also in the receptor theory. Phosphorylation of the
receptor or molecular interaction with another protein may affect the
receptor's signaling profile. The promiscuous receptor signaling and its
regulation by other proteins as well as the biased signaling by agonists are
exiting issues but also quite troublesome for drug discovery.

Un-/noncompetitive antagonism is quite definitive, but it was later
recognized that also more subtle regulation could take place via these allosteric
sites, i.e., there could be allosteric inhibitors and allosteric potentiators, just
giving a percentual decrease or boost to the agonist instead of a total kill.
GPCRs, especially as they are in di-/oligomeric complexes, offer several
potential sites for such regulation. As hypothesized in IV, such behavior is,
however, not necessarily originating from allosteric sites but similar may arise
from the orthosteric sites of di-/oligomeric receptors.

These aspects of receptor (and drug) behavior are products of long
development and, while the basic principles are firmly established, constant
reformulations take place. The first 3D structures of potentially active
receptors have only recently been obtained, and we quite clearly still have little
idea of what goes on on the molecular level.

There were (and are ) many developers of the receptor theory; some – in
addition to those already mentioned/cited – whose work I know or who have
contributed to my thinking (and often both) are David Colquhoun, Paul
Ehrlich, Terry Kenakin, John Newport Langley and Paul Leff. The references
to the original findings were difficult to obtain and the development has been
gradual; thus, a book and several hypothesis and review papers by Terry
Kenakin (Kenakin, 1997; Kenakin, 2011; Kenakin, 2014) as well as some
personal recollections and other reviews (Healy, 2000; Colquhoun, 2005;
Rang, 2006) are used as references.
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2.4 OREXIN RECEPTORS

The basic properties of the orexin receptors have been described under 2.2.
Several polymorphisms in the coding region of the human receptors are
known, but none is clearly associated with a (disease) phenotype (Thompson
et al., 2014). Thus, the most notable orexin receptor mutants are the three
canarc mutations, i.e., the ones causing narcolepsy in dogs (2.6.3).

The promoter regions of the orexin receptor genes have been little
investigated. In one study, GFP was added in front of the mouse OX1 receptor
gene; the GFP fluorescence and staining followed the pattern found in the
studies of OX1 mRNA expression (Darwinkel et al., 2014). The mouse OX2 gene
promoter 1.8 kb upstream of the first exon (1A; part of the 5'-UTR) has been
investigated and different elements for, e.g., AP-1 (activating protein-1), MZF1
(myeloid zinc finger 1) and CREB (cAMP-response element-binding protein)
have been identified (Chen and Randeva, 2010). There is a polymorphism 2.7
kb upstream of the first exon (exon 1A; part of the 5'-UTR) of the human OX2

receptor gene; patients with the minor allele (T) retain a lower ejection fraction
in heart failure despite therapy as compared to those with the major allele (C)
(Perez et al., 2015). In mice, the minor allele was suggested a be expressed at
a lower level using a reporter assay. Mice devoid of OX2 are more prone to
heart failure, and orexin-A could improve heart function in stress, which is
also in agreement with a lower expression of the minor allele (Perez et al.,
2015).

The peptide sequences for each orexin receptor subtype across mammalian
species are either fully conserved or highly similar but start diverging when
getting to other tetrapod classes (Fig. 1BC) and to fishes (Soya and Sakurai,
2020). The "lowest" species with unequivocally identified orexin receptors are
fishes (Rinne et al., 2019). OX2 seems to be the original receptor and only
mammalians have an OX1 receptor – except maybe for some fishes (Alzugaray
et al., 2019). No orexin receptor has been unequivocally identified outside the
vertebrate subphylum, but there are suggestions, based on evolutionary
analyses, that there is a single orexin receptor in the tunicates Ciona
intestinalis and Ciona savignyi (Fridmanis et al., 2007; Rinne et al., 2019),
but the ligand for this putative receptor is not known. Insect allatotropins and
their receptors are suggested to correspond to the mammalian orexin system
(Alzugaray et al., 2019; Rinne, 2019).

Human orexin receptor 3D structures were earlier constructed by
homology modeling based on known GPCR crystal structures and used for
creation of hypotheses of the potential binding modes for receptor ligands and
molecular dynamics simulations (Malherbe et al., 2010; Tran et al., 2011;
Heifetz et al., 2012; Karhu et al., 2015; Turku et al., 2016; Turku et al., 2019).
The first determined orexin receptor 3D structure (OX2–suvorexant) was
published in 2015, followed by the OX1 structure and other bound ligands (Yin
et al., 2015; Yin et al., 2016; Suno et al., 2018; Hellmann et al., 2020; Hong et
al., 2021) (PDB: 4S0V, 4ZJ8, 4ZJC, 5WS3, 5WQC, 6V9S, 7L1U, 7L1V). The

https://www.rcsb.org/structure/4S0V
https://www.rcsb.org/structure/4ZJ8
https://www.rcsb.org/structure/4ZJC
https://www.rcsb.org/structure/5WS3
https://www.rcsb.org/structure/5WQC
https://www.rcsb.org/structure/6V9S
https://www.rcsb.org/structure/7L1U
https://www.rcsb.org/structure/7L1V
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studies have been performed by the "traditional" X-ray crystallography except
for one in which cryo-EM was utilized; this study is also thus far the only study
with the putatively active receptor conformations of the OX2 receptor in
complex with orexin-B and the small molecule agonist "compound 1" (Fig. 4)
(PDB: 7L1U and 7L1V, respectively).

2.5 OREXIN RECEPTOR LIGANDS AND DRUG
DISCOVERY

2.5.1 OREXIN RECEPTOR AGONIST PEPTIDES
The original study (Sakurai et al., 1998) demonstrated that both human orexin
receptors, when recombinantly expressed in CHO-K1 cells, were activated by
both native orexin peptides, but that orexin-B was approximately 100-fold less
potent in activating OX1, which was suggested to be due to its lower binding
affinity. For OX2, the peptides had equal potency and binding affinity. The
difference between the peptides in activating the OX1 receptor has been
reproduced for the Ca2+ and phospholipase C (PLC) response in many studies,
though the difference is often lower (3–20-fold) – and even lower for other
responses (Holmqvist et al., 2005; Kukkonen, 2019).

The high homology of orexin-A and -B in the C-terminus (Fig. 1) indicates
that this part is central for orexin receptor binding and activation, and the
studies involving peptide truncation and amino acid exchange have verified
this (Darker et al., 2001; Okumura et al., 2001; Ammoun et al., 2003a; Lang
et al., 2004; Lang et al., 2006) (see below). In 2021, a cryo-EM (cryo-electron
microscopy) structure of human orexin-B-bound (active?) OX2 receptor was
published (Hong et al., 2021). This study finally demonstrates how the C-
terminus of orexin-B (amino acids 20–28) dives deep into the receptor's
binding pocket, as previously expected; though the resolution of orexin-B is
far from perfect, it can be seen that the peptide's solution structure (see below)
is not preserved.

Truncation of the orexin peptides from the N-terminal end successively
reduces the potency (probably also the binding affinity), but the utmost N-
terminus is of little (Ammoun et al., 2003a; Karhu et al., 2015) or relatively
little significance (Darker et al., 2001; Okumura et al., 2001; Lang et al., 2004;
Lang et al., 2006). The potency loss upon progressive truncation closer to the
C-terminus is high, which has effectively precluded creation of a
pharmacophore model for small molecule orexin receptor agonist discovery
based on orexin peptides (Darker et al., 2001; Ammoun et al., 2003a; Lang et
al., 2004). C-terminal manipulation of the peptide is not allowed (Darker et
al., 2001; Karhu et al., 2018). The information regarding the disulfide bridges
of orexin-A is contradictory, since some studies suggest decrease in the
potency (affinity?) upon removal or reduction of these while other ones do not
(Okumura et al., 2001; Lang et al., 2004; Lang et al., 2006). A single study
even reports that the disulfide bridges of orexin-A are of little importance for

https://www.rcsb.org/structure/7L1U
https://www.rcsb.org/structure/7L1V
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the binding to OX1 while they have a much more profound effect on OX2 (Lang
et al., 2006), but there are issues with this paper making conclusions
uncertain. Our own studies show some decrease in the potency for both
receptors upon reduction of the disulfide bonds (Kukkonen et al.,
unpublished). Other types of mutagenesis approaches (e.g., replacement of
amino acids in orexin-A or -B with alanines, d-amino acids etc.) have also
revealed little useful (Darker et al., 2001; Ammoun et al., 2003a; Lang et al.,
2004; Lang et al., 2006). One exception to this may be the putative OX2-
preferring agonist, Ala11, d-Leu15-orexin-B (Asahi et al., 2003). Unfortunately,
the actual selectivity of this ligand for OX2 over OX1 may be too small to offer
any actual physiological selectivity (Putula et al., 2011). Despite that Ala11, d-
Leu15-orexin-B is continuously used to indicate OX2 involvement!

Nuclear magnetic resonance (NMR) solution structures for both orexin-A
and orexin-B are available at the RSCB protein data bank (PDB): 1R02 and
1WSO for orexin-A and 1CQ0 for orexin-B (Lee et al., 1999; Kim et al., 2004;
Takai et al., 2006); even some more variants of the structures not in PDB are
presented in the publications. The structures are largely composed of two -
helical parts, separated by a kink, and parts outside the -helices. One concept
to explain the reduced binding and receptor activation upon truncation of the
orexin peptides is that the peptides might have lost -helicity. Thus,
stabilization of the -helical parts of a truncated orexin-A by a chemical
"staple" was attempted. Unfortunately, all the "stapled" orexin-A variants were
less active than the "non-stapled" orexin-A version of the same length (Karhu
et al., 2018). Whether the failure was caused by, e.g., the staple itself being in
the way for receptor binding or the "stapled" peptide being too rigid for
receptor binding/activation, was unclear. The orexin-B peptide fragment in
the putatively active receptor conformation does no longer seem to hold an -
helical structure (Hong et al., 2021), which offers an obvious explanation to
the results in (Karhu et al., 2018).

An odd finding suggests that the binding of orexin-A to the human OX1

receptor (neither orexin-B nor OX2 was tested) requires extracellular Ca2+

(Putula et al., 2014). However, it is unclear whether this property comes from
the receptor or the peptide; at least the circular dichroism (CD) spectrum of
orexin-A is not affected by Ca2+ (Putula et al., 2014).

2.5.2 SMALL MOLECULE OREXIN RECEPTOR LIGANDS
Most approaches from the industry and the academia have aimed at orexin
receptor antagonists. There are easily fathomable reasons for this. The obvious
indications for the therapy via the orexinergic system – originally overweigh
and later insomnia – concern a huge number of patients and are in need for
novel drugs. In comparison, the most obvious indication for orexin receptor
agonists, narcolepsy, is vanishingly rare. Agonists are also much more difficult
to "discover" than antagonists, especially when there is no good
pharmacophore model to start with (see 2.5.1). Thus, we have plenty of
antagonist structures published, a few in the different phases of clinical trials

https://www.rcsb.org/structure/1R02
https://www.rcsb.org/structure/1WSO
https://www.rcsb.org/structure/1CQ0
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and two on the market. In contrast, we only have a couple of recent unique
agonist structures, and just a few of these have been properly characterized in
vitro or in vivo.

2.5.2.1 Small molecule orexin receptor antagonists
Orexin receptor antagonists are crudely divided into selective orexin receptor
antagonists (i.e., 1-SORAs and 2-SORAs, based on the selectivity for either
subtype) and DORAs; the limits for the selectivity ratio for each class are not
defined. The discovery has been largely driven by the pharmaceutical industry
and thus aimed at the receptor subtype thought to be involved in the current
indication of interest. The original aim for the company fastest on the track,
GSK, was appetite. For some reason, maybe due to the findings in (Sakurai et
al., 1998) where orexin-A was found to be more potent than orexin-B in
inducing feeding in rats, the receptor of interest was OX1. None of the 1-SORA
"SB drugs" (Fig. 4A) made it to any clinical use – likely due to both chemical
and physiological issues – but they have been important tools in multiple
research projects as they have allowed determination of the orexin receptor
subtype involvement in various responses measured. Especially the first one
published, SB-334867 (Fig. 4A), has been used in many studies (2021-05-04:
409 hits in PubMed), also thanks to the fact that it became commercially
available quite soon. However, as discussed in more detail in (Kukkonen,
2019), SB-334867 is not very selective (less than 100-fold) and it may be
biologically unstable. In general, one should never leave the receptor subtype
determination to a single molecule, but one should use at least one OX1-
preferring and one OX2-preferring antagonist (Kukkonen, 2019). Therefore,
some original findings utilizing just SB-334867 may not be valid.

The genetically narcoleptic dogs (Cederberg et al., 1998; Lin et al., 1999;
Hungs et al., 2001) and the orexin receptor-knockout mice (Willie et al., 2003)
– with some additional contribution from the mapping of orexin receptor
expression in the nuclei involved with sleep regulation in rodents – suggest a
more central role for the OX2 receptors in sleep regulation. While the focus has
shifted to sleep induction (and maintenance) as the major aim, the company-
based approaches have sought either 2-SORAs (Fig. 4B) or DORAs (Fig. 4C).
The importance of OX2 for sleep is concluded from the stronger role of OX2

than OX1 in dogs (OX2 mutations causing narcolepsy) and mice (OX1 knockout
giving none, OX2 knockout mild and double knockout strong narcolepsy) (Lin
et al., 1999; Hungs et al., 2001; Willie et al., 2003). The feasibility of the DORA
approach was proven by the approval of suvorexant (and later lemborexant)
(Coleman et al., 2019). No 2-SORA is yet on the market but seltorexant (JNJ-
42847922) seems to be tested for the major depressive disorder with insomnia
(Recourt et al., 2019). As to whether DORA or 2-SORA would be preferred
from the perspectives of efficacy as a sleep promoter and maintainer, the sleep
architecture etc., we have no evidence yet, also because there are little human
data on 2-SORAs (Clark et al., 2020).
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There are number of expert reviews of the compounds to consult (e.g. Boss
et al., 2009; Coleman and Renger, 2010; Lebold et al., 2013; Boss, 2014;
Roecker et al., 2016).
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Figure 4 (Previous page) Some synthetic small molecule orexin receptor
ligands. A and B, 1- and 2-SORAs (OX1- and OX2- selective orexin
receptor antagonist, respectively); C, the nonselective antagonists
(dual orexin receptor antagonists, DORAs); and D, agonists with
significant efficacy. Conformational isomerism is not shown. Cp-1 is
presented in the publications (Malherbe et al., 2009a; Malherbe et
al., 2009b), in which it is stated to originate from an undisclosed
patent.

2.5.2.2 Small molecule orexin receptor agonists
For a long time, the only orexin receptor agonists available were peptides. The
peptides were manipulated, as described above, with different purposes, e.g.,
to obtain an OX2-selective agonist or to extract a pharmacophore model for
small molecule agonist discovery. The results, in the latter perspective, were
meager. A few studies or patents, reporting weak agonists or allosteric
enhancers then emerged (Yanagisawa, 2010; Turku et al., 2016; Leino et al.,
2018; Turku et al., 2019), along with the first really active structures (from an
academic lab!) in 2014 (Nag 26 and YNT-185; Fig. 4D) (Nagahara et al., 2015).
YNT-185 was in a further study shown to be active in the PPO-knockout mouse
model (Irukayama-Tomobe et al., 2017). Takeda has produced another series
of molecules (Fujimoto et al., 2017), of which TAK-925 (Fig. 4D) is the lead
(Yukitake et al., 2019), while the structure of the other Takeda lead molecule,
TAK-994, has not been disclosed and nothing but abstracts have been
published! MSD has its own ligand "compound 1" (Fig. 4D) (Hong et al., 2021),
apparently based on exploration of the chemical space around Nag 26 and
YNT-185, and MSD also has other patents (Sabnis, 2020). The chemical space
around the original Nagahara hits has been further explored in other recent
studies (Hino et al., 2022; Iio et al., 2022; Zhang et al., 2021). All the reported
agonists prefer the OX2 receptor, but possibly not quite as much as presented
in the original publications, as we have recently shown for Nag 26 (Rinne et
al., 2018).

A clear use for an agonist would be in narcolepsy, but it is quite
understandable that this indication is not significant enough to motivate the
costs of drug development, and thus other disorders of sleep and wakefulness
may be aimed at too. One question worth considering is whether an allosteric
activator of orexin receptors (or just OX2) might be suitable in disorders where
the orexinergic tone is reduced but not totally lost.

2.6 OREXIN PHYSIOLOGY

2.6.1 OREXINERGIC NEURONS AND THEIR TARGET NEURONS
Orexinergic neurons are only found in the lateral hypothalamic area and its
nearby regions, as determined in several mammalian species utilizing
antibodies against PPO, detection of PPO mRNA, labeling of the neurons with
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GFP gene under the PPO gene promoter and backtracking the neurons
(reviewed in Kukkonen, 2013). In human, the number of orexinergic neurons
is altogether about 80 000 or below (Fronczek et al., 2005; Thannickal et al.,
2000; Fronczek et al., 2007; Thannickal et al., 2009), and they are
interspersed among other, e.g., melanin-concentrating hormone (MCH) -ergic
neurons (reviewed in Kukkonen, 2013). There has been a great interest in
finding molecularly or functionally different subpopulations among
orexinergic neurons but the studies have resulted in little: On the anatomical
level, rats have been suggested to have anatomically distinct neuron
populations (medial vs. lateral) based on the projection sites while the neurons
with different projection sites are suggested to be intermingled in mice
(reviewed in Sagi et al., 2021). No other unique marker for the orexinergic
neurons than PPO has thus far been found.

The neurons appear to be regulated by many other transmitter systems;
and the neuronal pathways for some of these have been identified by
retrograde or anterograde tracking while some remain speculative (Fig. 5). The
orexinergic neurons themselves project to a number of sites, which have been
identified by presynaptic orexins, postsynaptic orexin receptor mRNA and
retrograde tracking (Fig. 5, Fig. 6), and sometimes even by functional testing
(responses to orexin peptides and inhibition of these by selective orexin
receptor antagonists). The densest projections go to some hypothalamic,
thalamic and brain stem sites. The roles of these are discussed below. Later on,
also information based on antibodies against orexin receptors has been
published. This approach is likely to produce misleading results (Kukkonen,
2012; Kukkonen, 2013).
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Figure 5 (Previous page) Receptors on and the up- and downstream
connections of orexinergic neurons. 5-HT, 5-hydroxytryptamine
(serotonin); ACh, acetylcholine; AgRP, agouti-related peptide;
AMPA-R, AMPA-type glutamate receptor; ArcN, hypothalamic
arcuate nucleus; AVP, arginine vasopressin; BF, basal forebrain;
CCK, cholecystokinin; CRF1, corticotropin-releasing factor receptor
1; CRH, corticotropin-releasing hormone; DA, dopamine; DR, dorsal
raphe; Dyn, dynorphins; GHSR, growth hormone secretogogue
receptor (aka ghrelin receptor); GLP-1; glucagon-like peptide 1; HA,
histamine; HTh, hypothalamus; κOR and μOR, κ and μ opioid
receptors; LC, locus coeruleus; LDTN, laterodorsal tegmental
nucleus; mEnk, Met-enkephalin; Msept/DBB, medial septum/diagonal
band of Broca; MSH, melanocyte-stimulating hormone; NA,
noradrenaline; NMDA-R, NMDA-type glutamate receptor (heteromers
of GluN1- and -N2-subunits); N/OFQ, nociceptin/orphanin FQ; NPY,
neuropeptide Y; NT, neurotensin; NTS, nucleus tractus solitarius;
NTS1/2, neurotensin receptor 1/2; OT, oxytocin; POA, preoptic area;
POMC, pro-opiomelanocortin; PVN, hypothalamic paraventricular
nucleus; SCN, (hypothalamic) suprachiasmatic nucleus; SN pc,
substantia nigra pars compacta; SN pr, substantia nigra pars
reticulata; TMN, hypothalamic tuberomamillary nucleus; TRH,
thyrotropin-releasing hormone; VIP, vasoactive intestinal peptide;
VTA, ventral tegmental area. The figure is from (Kukkonen, 2013)
and is reproduced with the general permission from the publisher, the
American Physiological Society
(https://journals.physiology.org/author-info.permissions).

Figure 6 (Next page) Orexinergic pathways and orexin receptors in the rat
brain as determined early on. The studies were based on detection of
orexin receptor mRNA and orexin peptides. Please observe that later
studies have refined the information. The denser the pattern, the
higher the expression. Abbreviations: Arcn, hypothalamic arcuate
nucleus; CA1–3, areas of hippocampus; cC, cingulate cortex; CMn,
centromedial thalamic nucleus; dR, dorsal raphe nucleus; LC, locus
ceruleus; mE, median eminence; mR, median raphe nucleus; nST,
nucleus of the solitary tract; olfB, olfactory bulb; olfT, olfactory
tubercle; PVn, paraventricular nucleus (in the thalamus and
hypothalamus); Rm, nucleus raphe magnus; Ro, nucleus raphe
obscurus; SCn, suprachiasmatic hypothalamic nucleus; SOn,
supraoptic hypothalamic nucleus; STn, spinal trigeminal nucleus;
TMn, tuberomamillary hypothalamic nucleus; VAMn, ventral
anteromedial hypothalamic nucleus. The figure is from (Kukkonen et
al., 2002) and is reproduced with the general permission from the
publisher, the American Physiological Society
(https://journals.physiology.org/author-info.permissions).

https://journals.physiology.org/author-info.permissions
https://journals.physiology.org/author-info.permissions
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2.6.2 OREXINS AND FEEDING
Originally, orexin receptors were associated with appetite stimulation and
maintenance of wakefulness. The first finding of the appetite regulation came
from the study by Sakurai and coworkers, in which fasting increased brain
PPO mRNA expression and intracerebroventricular (icv) injection of orexin-A
or -B increased feeding among fed rats in the time frame of 1–4 hours (Sakurai
et al., 1998). The original reason for testing the appetite regulation came from
the hypothalamic expression of the peptides. Orexin-A was more potent than
orexin-B in inducing feeding, and thus the receptor of interest was thought to
be OX1 (Sakurai et al., 1998). Several other studies soon repeated the finding
in both rats and mice (reviewed in Kukkonen et al., 2002). More detailed
mapping of the orexinergic projections and orexin receptor mRNA also
suggested orexinergic regulation of feeding-associated nuclei such as the
arcuate nucleus and potential regulation of the orexinergic neurons by
feeding-associated neuronal and endocrine input (Fig. 5, Fig. 6, Fig. 7)
(reviewed in Kukkonen et al., 2002). As described under 2.5.2.1, the first drug
discovery attempt on orexin receptors thus became 1-SORAs for appetite
suppression.



Review of the literature

44

Figure 7 Connections of orexinergic neurons with appetite-regulating systems
as mapped early on. Arcn, arcuate hypothalamic nucleus; AGRP,
agouti gene-related peptide; GRN and GSN glucose-regulated and
glucose-sensitive neurons, respectively; LH, lateral hypothalamus;
NPY, neuropeptide Y; POMC, pro-opiomelanocortin. The figure is
from (Kukkonen et al., 2002) and is reproduced with the general
permission from the publisher, the American Physiological Society
(https://journals.physiology.org/author-info.permissions).

In addition to feeding, orexins were soon found to increase the metabolic
rate in rodents (Lubkin and Stricker-Krongrad, 1998), later found to be caused
(solely or partially?) by activation of the brown adipose tissue (BAT) via second
order neurons (Oldfield et al., 2002; Berthoud et al., 2005; Zheng et al., 2005;
Tupone et al., 2011). Thus, at least in rodents, orexins would also lead to
increased energy expenditure. An interesting detail is that placentally
produced orexins have been suggested to be required for BAT development in
mice (Sellayah et al., 2011). Human narcoleptic patients gain weight (Kok et
al., 2003; Scammell, 2015; Bassetti et al., 2019) but their basal metabolic rate
is equal to body mass index (BMI) -matched controls (Fronczek et al., 2008;
Dahmen et al., 2009); however, one may ask whether the comparison to BMI-
matched controls is relevant. Nevertheless, we must bear in mind that the
death of the orexinergic neurons not only affects orexins but also other
transmitters. The knowledge gained from mouse models of orexin- or
orexinergic neuro-deficiency is inconsistent (Kukkonen, 2013; Inutsuka et al.,
2014). Ectopic overexpression of PPO in mice protects against diet-induced
obesity by burning of the excess calories in BAT (Funato et al., 2009).

https://journals.physiology.org/author-info.permissions
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Appetite suppression did not become a major therapeutic target for
orexins. One reason may be the described complicated relationship between
appetite and metabolism as also evidenced by the previous failures of many
pharmacological appetite suppression regimes. Another contributing issue
may have been the pharmacological and ADME (administration, distribution,
metabolism, excretion) issues with the SB-series of ligands (personal
communication).

2.6.3 OREXINS AND SLEEP
The central role of orexins in sleep emerged soon after the discovery of orexins
upon the following discoveries:
 Hereditary canine narcolepsy is caused by incapacitating OX2 mutations

(Lin et al., 1999; Hungs et al., 2001).
 PPO knockout mice do not lose weight as expected but instead suffer from

narcolepsy including cataplectic fits (Chemelli et al., 1999).
 Injection of orexin-A icv or at specific CNS sites increases wakefulness in

rats (Hagan et al., 1999; Bourgin et al., 2000; Methippara et al., 2000;
Piper et al., 2000).

 Human narcoleptics have low levels of orexin-A in their CSF (Nishino et
al., 2000).

 Human narcoleptics show low numbers of orexinergic neurons (post-
mortem) (Peyron et al., 2000; Thannickal et al., 2000).

 A human PPO mutation (in the signal peptide region) causes narcolepsy
(Peyron et al., 2000).

 Genetic postnatal destruction of the orexinergic neurons in mice causes
narcolepsy (Hara et al., 2001).

 Destruction of orexinergic neurons by orexin-B linked with the toxin
saporin causes narcolepsy in rats (Gerashchenko et al., 2001)

 Knockout of both OX2 and OX2 is required to cause strong narcoleptic
phenotype in mice (Willie et al., 2003).

Although the body of evidence was quite narcolepsy-biased, the finding that
centrally introduced orexin-A is capable of increasing wakefulness and
reducing sleep, pointed in the same direction in normal animals. Additional
information at the time came from the mapping of the orexinergic projections,
which indicated orexin involvement in the regulation of sleep and
wakefulness. The studies have then, of course, continued; the most significant
findings of these (apart from narcolepsy) may be the following:
 Optogenetic activation or silencing of orexinergic neurons stimulates

wakefulness or sleep, respectively (Adamantidis et al., 2007; Tsunematsu
et al., 2011; Carter et al., 2012; Tsunematsu et al., 2012; Tsunematsu et al.,
2013).

 Exogenous expression of PPO gives a partial recovery from the symptoms
caused by postnatal destruction of the orexinergic neurons (Mieda et al.,
2004; Liu et al., 2011).
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 DORAs and 2-SORAs induce and maintain sleep in animal models and in
human (see 2.5.2.1).

2.6.3.1 Orexins and narcolepsy
Narcolepsy is a disease of the regulation of sleep and wakefulness (Bassetti et
al., 2019). It was originally described in the late 19th century, but its
establishment as a distinct disease entity took time as the cases were
infrequent. The classical symptoms of narcolepsy include daytime sleepiness
and features of rapid eye movement (REM) sleep dysregulation, such as short
latency to REM sleep after falling asleep, hypnagogic and hypnopompic
hallucinations, sleep paralysis and fits of cataplexy. Encephalitides can include
similar symptoms, but the diagnosis of narcolepsy requires that the symptoms
are restricted to the regulation of sleep–wakefulness. In humans, narcolepsy
is almost always a sporadic disease with adult onset, i.e., likely an acquired
disease. 98% of the affected have the HLA DQB1*0602 genotype (Juji et al.,
1984; Mignot et al., 1994; Scammell, 2015) and thus narcolepsy is assumed to
be an autoimmune disease (Scammell, 2015; Bassetti et al., 2019). In contrast
to the autoimmune or other types of encephalitides, narcolepsy often slowly
progresses to symptoms other than daytime sleepiness and may only after
several years be expressed in its fulminant form with cataplexy. The current
hypothesis is that the orexin-producing neurons of the hypothalamus die
(below). A few studies have assessed post-mortem brains of human
narcoleptics; these have revealed a shortage of orexinergic neurons,
supporting the idea of their demise in narcolepsy (Thannickal et al., 2000;
Thannickal et al., 2003; Blouin et al., 2005; Thannickal et al., 2009).
Interestingly, many human narcoleptics show elevated BMI (2.6.2).

Even dogs show sporadic, acquired narcolepsy (Tonokura et al., 2007);
these dogs are probably deficient in orexins just like humans (Ripley et al.,
2001). Three breeds of dogs show a hereditary form, caused by incapacitating
mutations in the OX2 gene (hcrtr2); actually, each of the breeds has a different
mutation yet causing the same phenotype (Lin et al., 1999; Hungs et al., 2001).
In humans, there also are polymorphisms in both OX1 and OX2 genes (Hcrt1
and -2, respectively) but these have not been associated with narcolepsy. One
reported mutation in the signal peptide part of the human PPO gene
apparently leads to narcolepsy (Peyron et al., 2000).

Human narcolepsy is clinically separated into two distinct forms,
narcolepsy type 1 (NT1) and type 2 (NT2). NT1 diagnosis requires either
cataplexy or CSF orexin-A levels < 110 pg/ml (American Psychiatric
Association, 2013; American Academy of Sleep Medicine, 2014). Low CSF
orexin-A levels are supposed to indicate a major failure of the orexinergic
system and therefore cataplexy and the low CSF orexin-A levels should go
hand in hand (Scammell, 2015; Bassetti et al., 2019); thus, "or" simply
indicates that either finding is enough for the diagnosis. There are yet a few
patients who show cataplexy despite apparently normal orexin-A levels;
reversely, some patients show reduced CSF orexin-A levels but no cataplexy
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(yet other narcolepsy symptoms). NT2 diagnosis requires the other symptoms
of narcolepsy but the CSF orexin-A levels must be normal and no cataplexy
may be exhibited (American Psychiatric Association, 2013; American
Academy of Sleep Medicine, 2014).

In 2009, the world was taken by the swine flu pandemic (H1N1/o9 virus).
Vaccines were rapidly produced and vaccinations undertaken. Soon reports of
narcolepsy cases among children, adolescents and even young adults started
emerging, especially in Sweden and Finland (National Institute for Health and
Welfare (Finland), 2011; Swedish Medical Products Agency, 2011; Nohynek et
al., 2012). The cases, wherever they surfaced, were soon associated with the
Pandemrix vaccine (National Institute for Health and Welfare (Finland), 2011;
Swedish Medical Products Agency, 2011; Nohynek et al., 2012). Although all
the genotyped children/adolescents, at least in Finland, were of the genotype
HLA DQB1*0602 and all tested likewise showed low CSF orexin-A levels
(Partinen et al., 2012), the phenotype of the narcolepsy was atypical: It was
very rapid and dramatic in onset, culminating usually in cataplexy, and in 50%
of the cases it even included psychiatric-like symptoms (Partinen et al., 2012).
The correlation of the narcolepsy cases with the Pandemrix vaccination turned
the focus into its constituents. The adjuvant, AS03, became the first culprit,
but it was soon noticed that another vaccine with the same adjuvant,
Arepanrix, was not associated with increased occurrence of narcolepsy
(Vaarala et al., 2014). Thus, the focus turned to the potential antigens in the
vaccines – which also distinguished Pandemrix and Arepanrix. In 2013, it was
reported that a H1N1/09 protein contained an epitope reminiscent of PPO and
that the patients with narcolepsy symptoms after Pandemrix vaccinations had
CD4+ T-cells reactive against PPO (De la Herran-Arita et al., 2013). However,
the paper was soon retracted due to inability to reproduce the results. In 2015,
another group reported that a H1N1/09 protein contained an epitope highly
similar to the N-terminus of the OX2 receptor and weakly similar to the N-
terminus of the OX1 receptor, and that the patients narcoleptic after
Pandemrix vaccination had developed highly selective antibodies against the
OX2 receptors (Ahmed et al., 2015). No other study, using several different
patient sample sets and methods, has been able to (re)produce this study's
primary results (Bergman et al., 2014; Giannoccaro et al., 2017; Luo et al.,
2017; Melen et al., 2020); instead, the selectivity of some original methods has
been question. Nevertheless, the study has not been retracted. It also feels that
any antibody against orexin receptors would not be very likely to cause death
of the orexinergic neurons, which nevertheless seems to be the case as
evidenced by the low CSF orexin-A levels in these patients.

It is thus not known, what caused the narcolepsy "epidemic" in the wake of
the Pandemrix vaccination, but the autoimmune hypothesis both for this and
the "regular" narcolepsy remains. For decades, autoantibodies and
autoreactive T-cells have been searched for in the blood samples of "regular"
narcoleptics. It is known in the field, but probably not published, that both
healthy subjects and narcoleptics may present antibodies staining different
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neuronal populations in the brain, probably even the orexinergic neurons, but
there is no consequence in these data. Autoreactive T-cells have been assessed
in a few studies with interesting but not yet conclusive results (Latorre et al.,
2018; Luo et al., 2021; Vuorela et al., 2021). Potential "unique" antigens on
orexinergic neurons have been sought with little results. In some cases
(Pandemrix involved or not), there have been preceding infections, which can
be the trigger behind (other) autoimmune diseases, but the evidence is not
very strong (Aran et al., 2009; Ambati et al., 2015),

We should remember that the hypothesis of the autoimmune pathology of
narcolepsy – other than that caused by Pandemrix – is essentially based on
the strong overexpression of HLA DQB1*0602 and HLA DRB1*15:01) among
the affected (of certain ethnic backgrounds), yet an overwhelming majority of
the HLA DQB1*0602 carriers never develop narcolepsy. Therefore, we should
keep an open mind. Association of narcolepsy with other single gene
polymorphisms produces low odds ratios (< 2) (Hallmayer et al., 2009;
Ouyang et al., 2020; Miyagawa and Tokunaga, 2019).

The radioimmunoassay (RIA) method for orexin-A measurement in the
CSF harbors a potential concern. It seems that the antibody used also detects
degradation products of orexin-A; thus, the measured "orexin-A" may instead
reflect an unknown mixture of peptide fragments and thus potentially not any
biological CNS orexin activity (Kukkonen, 2021). The issue is even more
troublesome as we do not have any knowledge of the degradation mechanisms
of the orexin peptides and not even of the identity of the fragments.

2.6.4 OTHER PUTATIVE OREXIN FUNCTIONS IN THE CNS
Orexins have been investigated with respect to many CNS functions beyond
appetite–metabolism and sleep–wakefulness. The mapping of the orexinergic
projections and orexin receptor expression sites have provided clues and the
genetically modified animal models, orexin introduction into the brain
ventricular space or specific nuclei and the receptor antagonists available have
allowed assessment of a wide range of functions.

The most central finding concerns addiction and motivation. Orexin, and
especially OX1 receptors, have been shown to be involved in addiction (Boutrel
et al., 2005; Harris et al., 2005) as explored in animal models and using OX1

receptor antagonists. Orexin receptor activation itself may not be rewarding
or constitute an addictive stimulus but orexin signaling is involved in – or even
required for – the addictive potential for other compounds, e.g., contributing
to the reinforcement, contextual memory and stress-associated drug relapse
(reviewed in Baimel and Borgland, 2017; James et al., 2017; Fragale et al.,
2021). This has been observed, not only for drugs of abuse, but also for
palatable food (reviewed in Baimel and Borgland, 2017; James et al., 2017;
Fragale et al., 2021). Concern has thus been raised regarding the use of orexin
receptor activators (in narcolepsy and other sleep disorders) while orexin
receptor antagonists (especially 1-SORAs) might be protective (Fragale et al.,
2021).
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A few studies have identified that orexin receptor activation is
antinociceptive, maybe via OX1 receptors (reviewed in Kukkonen, 2013). Some
studies point out endocannabinoid signaling in this (Ho et al., 2011; Chen et
al., 2018).

The role of orexins in anxiety and depression has been assessed in some
studies, but it is difficult to get a unifying picture of this. It seems logical to
associate orexins with some sort of anxiety-like behavior in the perspective
that they increase vigilance, activity and even stress response in rodent models
(reviewed in Kukkonen, 2013). However, if the orexin system is required for
"native" anxiety is not clear, and we may safely say that the animal models of
anxiety may not really measure what we hope them to measure (reviewed in
Peleg-Raibstein and Burdakov, 2021). The latter is unfortunately valid for
depression models as well, and the results for orexins are not that much
clearer, although it has been suggested that depression would correlate with
lower orexin levels – based on the (unreliable) antibody-based orexin
measurements in the brain or in the CSF (2.6.5) (reviewed in Peleg-Raibstein
and Burdakov, 2021). However, orexin receptor antagonists can alleviate
depression in animal models and humans (reviewed in Nollet and Leman,
2013). Insomnia is often seen together with the major depressive disorder and
augmentation of the insomnia improves the mood (reviewed in Riemann et al.,
2020). Thus, one considerable idea is that the improved sleep contributes to
the mood elevation and may even hinder development of the major depressive
disorder (reviewed in Riemann et al., 2020). On the other hand, insomnia (=
hyperarousal?) is (usually) assumed to increase the risk for depression (and
metabolic disorder), providing another potential link(s) to orexins (reviewed
in Khan and Aouad, 2017; Riemann et al., 2020). There is even some potential
experimental evidence of the involvement orexins in this interplay (Nakamura
and Nagamine, 2017). Naturally it is difficult to identify the causality between
the processes; it is not impossible that this may even go both ways.
Nevertheless, the 2-SORA seltorexant (Recourt et al., 2019) is currently in
phase III studies with the indication major depressive disorder with insomnia.

Orexin receptor gene polymorphisms have been investigated with respect
to different diseases (reviewed in Thompson et al., 2014). Nothing remarkable
has come out of that, except what concerns the heart (see below).

2.6.5 OREXIN FUNCTIONS IN THE PERIPHERY
A number of peripheral tissues have been reported to express orexin receptor
or PPO protein or mRNA or show functional responses (ex vivo) to orexin
stimulation. While we may skip the receptor protein expression data based on
the reported problems (Kukkonen, 2012), the other pieces of evidence,
especially their added amount, can be quite convincing. Yet the physiological
significance of the findings is uncertain. There definitely seems to be much
more receptor mRNA expression / functional responses to exogenous orexins
than PPO expression. Some studies report circulating orexins, suggesting a
possible source for endogenous stimulation, but these are measured utilizing
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the antibody-based assays, which are not reliable (Kukkonen, 2021). Even if
we were to trust these studies, the circulating orexin levels would likely be too
low for receptor stimulation. And what would be the source of these orexins?
Alternative explanations to the receptor expression could include roles for
orexins under specific conditions, other ligands for the receptors, other roles
for the receptors (and peptides) or altogether superfluous role of the
peripheral receptors; might these be evolutionary relicts? As I have speculated
before, if there are significant peripheral orexin functions in human, these may
be revealed upon the clinical use of orexin receptor antagonists (and agonists).

A few very interesting findings come out of the mass. One is the mentioned
role of orexins in the prenatal development of BAT (2.6.2). Another finding
concerns the putative role of orexin receptors in the heart function and cardiac
protection/failure in human and rat (Perez et al., 2015; Patel et al., 2018). The
final significant issue of interest concerns the expression of orexin receptors
in cancer cells (2.7.1).

2.7 NATIVE OREXIN RECEPTOR SIGNALING

Some basic features of the orexin receptor signaling are presented under 2.3.1
and thus not included here. However, the properties of orexin signaling in the
native cells, especially in the CNS, which is the major playground for orexins,
is worth a short review.

Orexin receptor activation was early on found to be excitatory to native CNS
neurons (de Lecea et al., 1998; reviewed in Kukkonen and Leonard, 2014;
Leonard and Kukkonen, 2014). The mechanisms of this have usually been
postsynaptic K+ channel closure (Horvath et al., 1999; Ivanov and Aston-
Jones, 2000; Hwang et al., 2001; Bayer et al., 2002; reviewed in Kukkonen
and Leonard, 2014; Leonard and Kukkonen, 2014) as well as activation of
NSCCs and NCX in reverse mode (Eriksson et al., 2001; Brown et al., 2002;
Burlet et al., 2002; Liu et al., 2002; Wu et al., 2002; Yang and Ferguson, 2002;
Burdakov et al., 2003; Yang and Ferguson, 2003; reviewed in Kukkonen and
Leonard, 2014; Leonard and Kukkonen, 2014); as noted, it is seldom possible
to distinguish between the latter two by the methods used (Kukkonen and
Leonard, 2014; Leonard and Kukkonen, 2014). Unfortunately, the types of the
K+ channels, NSCCs and NCXs are most often not known, and neither are the
signals regulating these. One study suggests TRPC4/5 channels as the NSCCs
involved (Kolaj et al., 2014), but most studies do not even attempt
identification, though there are some potential inhibitors available (Bon et al.,
2021; Koivisto et al., 2021). In recombinant cells, involvement of TRPC
channels (Larsson et al., 2005; Näsman et al., 2006; Peltonen et al., 2009;
Louhivuori et al., 2010) and even NCX (Louhivuori et al., 2010) in OX1

responses have been suggested, but the regulation does not seem to be equal
in different cell types. Lipid signaling cascades are one potential regulatory
mechanism for these channels (Kukkonen, 2011; Kukkonen, 2014), as also
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discussed and examined in a few original studies; the engagement of orexin
receptors in the regulation of these cascades (PLC, PLD, PLA2, DAGL) have
been discussed in the context of the experimental findings under 2.3.1.

As reviewed under 2.3.1.3, activation of recombinant human OX1 receptors
(OX2 not tested before I) is capable of causing generation of the
endocannabinoid 2-AG (Turunen et al., 2012; Jäntti et al., 2013). While such
detailed measurements are not possible with the CNS neurons, the same
conclusions have been drawn for several CNS loci utilizing selected inhibitors
(Haj-Dahmane and Shen, 2005; Ho et al., 2011; Lee et al., 2016; Morello et al.,
2016; Tung et al., 2016; Chen et al., 2018). For instance, Ho et al. (2011)
showed that OX1 activation in the rat periaqueductal grey suppresses GABAA

receptor-mediated inhibitory currents. The orexin action could be blocked by
a CB1 receptor antagonist and mimicked by a CB1 receptor agonist. The action
of orexin could also be blocked by an inhibitor of the 2-AG-generating enzyme,
DAGL, and enhanced upon inhibition of the 2-AG degradation. The other
studies with the CNS neurons follow the same type of reasoning.

Thus, endocannabinoids seem to be a central tool utilized by orexin
receptors in the CNS (Kukkonen and Turunen, 2021). This implies that orexin
receptors utilize the PLC pathway – so prominent in recombinant cells – also
in the CNS, including its other characteristic signals such as PIP2 decrease and
DAG, IP3 and intracellular Ca2+ release (2.3.1.3) with other potential outcomes
than endocannabinoid release.

In addition, presynaptic orexin actions have been suggested (van den Pol
et al., 1998; Li et al., 2002; Smith et al., 2002; Davis et al., 2003; Lambe and
Aghajanian, 2003). Ca2+ elevation has been measured in some studies
(reviewed in Kukkonen and Leonard, 2014; Leonard and Kukkonen, 2014). In
the long run, plastic effects on neuronal signaling, e.g., long-term potentiation,
have been reported (Selbach et al., 2004; Borgland et al., 2006; Chen et al.,
2008; Selbach et al., 2010).

2.7.1 OREXINS AND CELL DEATH
Orexin receptor activation has been demonstrated to induce cell death signals
in recombinant cells and native cancer cells. In 2003, we reported reduced
proliferation and assumedly apoptotic cell death in recombinant human OX1

receptor-expressing CHO-K1 cells upon stimulation with orexin-A (Ammoun
et al., 2003b). p38 MAPK was associated with the cell death by the use of
inhibitors (Ammoun et al., 2003b). We further specified the findings in our
CHO-hOX1 cells (expressing human OX1 receptors) with the help of, e.g., direct
demonstration of activating p38 phosphorylation, and could show that the
pattern of cell death apparently followed the classical apoptosis, but upon
inhibition of caspases, the cell death pathway took a shortcut (Ammoun et al.,
2006b). The simultaneously activated ERK pathway, in contrast, apparently
supplied some protective effect (Ammoun et al., 2006b). Another group also
observed apparently apoptotic cell death upon orexin receptor activation, both
in recombinant cells and in native cancer cell lines (Rouet-Benzineb et al.,
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2004; Voisin et al., 2006; Voisin et al., 2011). They suggested that the cell
death mediated by (at least) human OX1 receptors was mediated by the
receptor interaction with the protein phosphatase SHP-2 once the receptor
was phosphorylated by a Src family kinase in a Gq-dependent manner (Voisin
et al., 2008; El Firar et al., 2009). The results of ours and those of the group
of Dr. Laburthe cannot be fully fitted together as such and many aspects have
not even been assessed. The disagreement may be explained by the multiple
coupling of the orexin receptors and even our demonstration of alternative cell
death pathways (see above); these and the open issues would certainly be
interesting to attack. Independent of the details of the signal cascades, it
certainly is a very interesting finding that some carcinoma cells express orexin
receptors (primary cells: colorectal carcinoma; cell lines: colorectal carcinoma,
pancreatic carcinoma, prostate carcinoma, and some additional suggested but
not verified) coupled to (putative) programmed cell death (Rouet-Benzineb et
al., 2004; Voisin et al., 2006; Voisin et al., 2011; Alexandre et al., 2014; Dayot
et al., 2018). Thus far, it is not known, whether neurons or potential other
types of cells endogenously expressing orexin receptors are susceptible to
orexin receptor activation-induced cell death.

In contrast, some studies report cell-protective effect for orexins. We have
also seen this overlapping with the programmed cell death (Ammoun et al.,
2006b) but in general the findings are preliminary and do not allow
conclusions (Kukkonen and Turunen, 2021).
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3 AIMS OF THE STUDY

 To compare the signaling of the human OX1 and OX2 receptors,
heterologously expressed in CHO-K1 cells, in the light of the knowledge of
the known signaling of the human OX1 receptor (I). One reason for this
work was the often-repeated postulate of distinct signaling of these two
subtypes.

 To determine the dependence of the different OX1 and OX2 receptor
signals on different G-proteins (III). Of particular interest was the Gq

pathway, the investigation of which became possible with the commercial
availability of the toxin UBO-QIC/FR900359. Before this work could be
accomplished, UBO-QIC/FR900359 needed to be characterized (II).

 To investigate the role of receptor dimerization in the orexin receptor
signaling. For several reasons, the work in this thesis just comprises
mathematical modeling (IV).
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4 MATERIALS AND METHODS

The methods are only briefly described here; more detailed descriptions can
be found in studies I–IV.

4.1 CELL LINES AND MEDIA

In studies I and III, CHO-K1 cells stably expressing human OX1 and OX2

orexin receptors (Lund et al., 2000; Putula et al., 2011) were utilized. The
origin of the immortal base cells line CHO-K1 is Chinese hamster, Cricetulus
griseus. This is a much-used cell line for heterologous expression of the
proteins of interest, especially for pharmacological studies, but the exact type
of the cell is unknown, though the features of the cells suggest epithelial origin.
In study II, there was a wider range of mammalian cells, i.e., CHO-K1 cells
stably expressing human CB1a cannabinoid receptors (Grimsey et al., 2010)
and 2A adrenoceptors (Pohjanoksa et al., 1997), CHO-K1 cells transiently
expressing human M1 muscarinic cholinoceptors and 2 adrenoceptors, and
HEL 92.1.7 human erythroleukemia cells. The cells were cultured at 37 C in
humidified (100%) air + 5% CO2 in the relevant cell culture media,
supplemented with penicillin and streptomycin, fetal calf serum and HEPES
[4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid] as described in studies
I–III and the studies cited in those (Pohjanoksa et al., 1997; Kukkonen et al.,
1998; Jäntti et al., 2012). CHO-K1 cells grow attached on cell culture-treated
plastic surfaces while HEL cells grow in suspension. The stable recombinant
cell lines are here referred as "CHO" + the receptor name and potential clone,
e.g., CHO-OX1. For some experiment, the cells were pre-treated with the toxins
pertussis toxin (PTx; I, II, III) and cholera toxin (CTx; I, III) (4.3.2).

The HEPES-buffered medium (HBM), composed of 137 mM NaCl, 5 mM
KCl, 1.2 mM MgCl2, 0.44 mM KH2PO4, 4.2 mM NaHCO3, 1 mM CaCl2, 10 mM
glucose and 20 mM HEPES and adjusted to pH 7.4 with NaOH, was used as
the experimental medium. This medium was for specific experiments
supplemented with additional compounds:
 0.24% (w/v; assays for AA and 2-AG, i.e., assessment of PLA2 and DAGL

activities in studies I and III) or 0.1% (w/v; all other experiments in I and
III) stripped bovine serum albumin (Turunen et al., 2012), which both
chelates lipid-soluble factors and probably reduces the binding of several
compounds (including orexin-A) to the plastic surfaces.

 1 mM probenecid [p-(dipropylsulfamoyl)benzoic acid], which inhibits the
plasma membrane anion pumps otherwise extruding Ca2+-sensitive
fluorescent probes, in Ca2+ experiments (I, II, III).

 30 µM dyngo-4a [3-hydroxy-N'-([2,4,5-trihydroxyphenyl]methylidene)
naphthalene-2-carbohydrazide] to inhibit dynamin-dependent
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internalization of the receptors in the binding experiments (Putula et al.,
2014) (I).

 500 µM 3-isobutyl-1-methylxanthine (IBMX) to inhibit the hydrolysis of
cAMP, 10 µM forskolin to stimulate AC activity in a receptor-independent
manner and 3 µM GF109203X (3-[1-[3-(dimethylamino)propyl]indol-3-
yl]-4-(1H-indol-3-yl)pyrrole-2,5-dione) to inhibit PKC-dependent AC
stimulation in the AC/cAMP assay (I, (II), III).

 10 mM LiCl to inhibit the hydrolysis of (in particular) inositol
monophosphates in the PLC assay (I, II, III).

 0.3% (v/v) 1-butanol to act as a surrogate PLD co-substrate in the PLD
assay (I, III).

 1 µM UBO-QIC to inhibit particular G-proteins (II, III).
In addition to these compounds, several receptor ligands were used in the
assays.

4.2 RESEARCH CHEMICALS

The central chemicals used as well as their sources are listed in Table 1.

4.3 EXPERIMENTAL ASSAYS

Studies I–III are largely based on measurements of receptor responses
utilizing second messenger outputs and association of these with certain G-
protein pathways. In addition, receptor binding was assessed in study I.

4.3.1 RECEPTOR BINDING (I)
Orexin receptor binding was measured with intact attached CHO-OX2 cells.
The binding was performed utilizing 125I-orexin-A, in which the radiolabel is
(predominantly?) at Tyr17, as the radioligand, and excess of TCS 1101 (10 µM)
to determine the non-specific binding. To measure binding at higher
radioligand concentrations than possible with the radioligand alone, a fixed
concentration of the radioligand was combined with different concentration of
non-labeled orexin-A and analyzed as though the mixture would represent
125I-orexin-A with reduced specific activity. The experiments were performed
at room temperature (21 C) and in the presence of 30 µM dyngo 4a to
minimize the internalization (and desensitization of the receptors) (Putula et
al., 2014). An apparent equilibrium in binding was reached in 90 min (Putula
et al., 2014); at that time point, the incubation solution was removed, the
plates dried and the radioactivity measured by scintillation counting (Ultima
Gold scintillation cocktail and Wallac 1450 Microbeta TriLux Scintillation
Counter; PerkinElmer). For more details, see (Putula et al., 2014).
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Table 1 Central research chemicals used in the studies

Abbreviation Other names IUPAC name (from PubChem) Source
orexin-A Human orexin-A NeoMPS;

Strasbourg,
France

GF109203X Gö6850, bisindolyl-
maleimide I

3-[1-[3-(dimethylamino)propyl]indol-3-yl]-4-(1H-indol-3-yl)pyrrole-2,5-dione

Tocris
Bioscience;
Bristol, UK

TCS 1102 (2S)-1-[2-(1-methylbenzimidazol-2-yl)sulfanylacetyl]-N-(2-
phenylphenyl)pyrrolidine-2-carboxamide

PTx pertussis toxin
thapsigargin [(3S,3aR,4S,6S,6aR,7S,8S,9bS)-6-acetyloxy-4-butanoyloxy-3,3a-

dihydroxy-3,6,9-trimethyl-8-[(Z)-2-methylbut-2-enoyl]oxy-2-oxo-
4,5,6a,7,8,9b-hexahydroazuleno[4,5-b]furan-7-yl] octanoate

dyngo 4a 3-hydroxy-N-[(Z)-(2,4,5-trihydroxyphenyl)methylideneamino]naphthalene-
2-carboxamide

Abcam;
Cambridge,
UK

CTx cholera toxin

Sigma-
Aldrich; St.
Louis, MO,
USA

forskolin (3R,4aR,5S,6S,6aS,10S,10aR,10bS)-3-ethenyl-6,10,10b-trihydroxy-
3,4a,7,7,10a-pentamethyl-1-oxododecahydro-1H-naphtho[2,1-b]pyran-5-yl
acetate

IBMX 3-isobutyl-1-methylxanthine
(–)-isoproter-
enol

([–]-4-[1-hydroxy-2-[(1-methylethyl)amino]ethyl]-1,2-benzenediol)



57

PGE2 prostaglandin E2 (Z)-7-[(1R,2R,3R)-3-hydroxy-2-[(E,3S)-3-hydroxyoct-1-enyl]-5-
oxocyclopentyl]hept-5-enoic acid

probenecid 4-(dipropylsulfamoyl)benzoic acid
2-AG (lipid
standard)

2-arachidonoyl
glycerol

1,3-dihydroxypropan-2-yl (5Z,8Z,11Z,14Z)-icosa-5,8,11,14-tetraenoate

Cayman
Europe;
Tallinn,
Estonia

AA (lipid
standard)

arachidonic acid (5Z,8Z,11Z,14Z)-icosa-5,8,11,14-tetraenoic acid

HU-210 (6aR,10aR)-9-(hydroxymethyl)-6,6-dimethyl-3-(2-methyloctan-2-yl)-
6a,7,10,10a-tetrahydrobenzo[c]chromen-1-ol

PLD1i PLD1 inhibitor,
CAY10593,
VUO155069

N-[1-[4-(5-chloro-2-oxo-3H-benzimidazol-1-yl)piperidin-1-yl]propan-2-
yl]naphthalene-2-carboxamide

UBO-QIC FR900359 [(1R)-1-[(3S,6S,9S,12S,18R,21S,22R)-21-acetamido-18-benzyl-3-[(1R)-1-
methoxyethyl]-4,9,10,12,16-pentamethyl-15-methylidene-
2,5,8,11,14,17,20-heptaoxo-22-propan-2-yl-1,19-dioxa-4,7,10,13,16-
pentazacyclodocos-6-yl]-2-methylpropyl] (2S,3R)-3-hydroxy-4-methyl-2-
(propanoylamino) pentanoate

Institute of
Pharmaceu-
tical Biology,
University of
Bonn; Bonn,
Germany

SFLLRN-NH2 Auspep;
Tullamarine,
Australia

ATP adenosine 5'-
triphosphate

[[(2R,3S,4R,5R)-5-(6-aminopurin-9-yl)-3,4-dihydroxyoxolan-2-yl]methoxy-
hydroxyphosphoryl] phosphono hydrogen phosphate

Fluka AG;
Buchs,
Switzerland

NECA 5'-N-ethylcarbox-
amidoadenosine

(2S,3S,4R,5R)-5-(6-aminopurin-9-yl)-N-ethyl-3,4-dihydroxyoxolane-2-
carboxamide

RBI; Natick,
MA, USA
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oxotremorine-
M

trimethyl-[4-(2-oxopyrrolidin-1-yl)but-2-ynyl] azanium

UK14,304 brimonidine 5-bromo-N-(4,5-dihydro-1H-imidazol-2-yl)quinoxalin-6-amine
Phosphatidyl-
butanol (lipid
standard)

PtdBut [1-[butoxy(hydroxy)phosphoryl]oxy-3-hexadecanoyloxypropan-2-yl] (E)-
octadec-9-enoate

BIOMOL/
Enzo Life
Sciences;
Plymouth
Meeting, PA,
USA

3H-inositol Myo-[2-3H]-inositol [2-3H]-cyclohexane-1,2,3,4,5,6-hexol
PerkinElmer
Life and
Analytical
Sciences;
Waltham,
MA, USA

3H-adenine [2,8-3H]-adenine [2,8-3H]-7H-purin-6-amine
14C-palmitic
acid

[14C]-palmitic acid (all
carbons labeled)

[14C]-hexadecanoic acid (all carbons labeled)

14C-arachid-
onic acid

[1-14C]-arachidonic
acid

[1-14C]-(5Z,8Z,11Z,14Z)-icosa-5,8,11,14-tetraenoic acid

125I-orexin-A  [125I]-orexin-A



59

4.3.2 SECOND MESSENGER ASSAYS (I, II, III)
The gross intracellular Ca2+ elevation was measured utilizing fluorescent
probes. The cells needed to be preincubated with the probes before the actual
experiments to enable the probe entry and activation in the cytosol. For
attached CHO cells, the probe was either fluo-4 (in acetoxymethyl ester form
for loading of the cells; Molecular Probes/Life Technologies; Carlsbad, CA,
USA) (I) or the similar undisclosed probe included in the Calcium 4 Assay Kit
(Molecular Devices, Sunnyvale, CA, USA) (III). The measurements
(fluorescence increase reflecting intracellular Ca2+ elevation) were conducted
in the FlexStation 3 fluorescence plate reader (Molecular Devices).
Alternatively, calcium measurements were conducted in II with the CHO-2A

and HEL cells in suspension with the Ca2+-sensitive probe fura-2 (in
acetoxymethyl ester form for loading of the cells; Molecular Probes) in Hitachi
F-4000 fluorescence spectrophotometer. The fluorescence changes are
measured with the probes in real time.

 Inositol phosphates are released upon PLC activity, which, like Ca2+

elevation, is classically supposed to depend on Gq, but may also be triggered
by at least Gi and Gs pathways (2.3.1.3). Upon inclusion of Li+ in the
experimental medium, inositol monophosphates accumulate, making the
assay more sensitive (higher signal). Before the actual experiment, the cells
were pre-labeled with 3H-inositol, which gets incorporated in the cellular
inositol phospholipids. After the stimulation, inositol mono (or other
phosphates) accumulated within the cells were isolated utilizing ion exchange
chromatography on cellular extracts, and the radioactivity of the fractions was
measured utilizing scintillation counting (HiSafe 3 scintillation cocktail and
Wallac 1415 liquid scintillation counter; PerkinElmer). This is an endpoint
assay. The other product of the PLC activity, diacylglycerol, was not measured.

 We have previously measured cAMP in CHO-K1 cells expressing orexin
receptors, and determined the properties of the AC isoforms expressed
(Holmqvist et al., 2005). We have thus been able to device conditions under
which we can utilize AC activity as a measure of Gi or Gs activity (Holmqvist
et al., 2005; Turku et al., 2017; Rinne et al., 2018): Gi-mediated AC inhibition
is measured under saturating AC stimulation with Gs (CTx pretreatment)
(+forskolin) and PKC inhibition (3 µM GF109230X), and Gs-mediated AC
stimulation in PTx-pretreated cells (+forskolin) and PKC inhibition (3 µM
GF109230X). cAMP measurement itself is based on pre-labeling of the cellular
ATP with 3H-adenine. In the presence of a cyclic nucleotide phosphodiesterase
inhibitor (here 500 µM IBMX), cAMP accumulates; the AC activity alone
determines the cAMP levels in the cells. After the stimulation, the ATP+ADP
and cAMP fractions were isolated utilizing sequential ion exchange and
affinity chromatography on cellular extracts, and the radioactivity of the
fractions was measured utilizing scintillation counting as above. This is an
endpoint assay.
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As described under 2.3.1, PLA2 hydrolyzes the sn2-fatty acid from (some)
membrane glycerophospholipids: GPL + H2O  a fatty acid + 1-LPA. PLD
hydrolyzes phosphatidylcholine to generate PA and choline:
phosphatidylcholine + H2O  PA + choline. PA may be further processed to
DAG, but DAG also may be derived from the PLC activity. DAGL hydrolyzes
DAG, generating 2-MAG: DAG + H2O  a free fatty acid + MAG. The latter –
if it contains arachidonic acid – is called 2-AG. MAGL is able to hydrolyze, e.g.,
2-AG: 2-AG + H2O  AA + glycerol. We analyzed the lipid products of these
potential pathways by pre-labeling the cellular lipids with 14C-AA (PLA2, DAGL
and MAGL assays) or 14C-palmitic acid (PLD assay) and then, after the
stimulation and extraction, by separating the labeled lipid fractions using thin
layer chromatography on silica plates. For the PLD assay, the experimental
medium was supplemented with 1-butanol, which takes the place of the water
in the hydrolysis reaction, giving an accumulating dead-end product,
phosphatidylbutanol: phosphatidylcholine + 1-butanol  phosphatidyl-
butanol + choline (Morris et al., 1997; Jäntti et al., 2012). For the analysis of
the contribution of the potential PLA2, DAGL and MAGL activities,
pharmacological inhibitors were used as described earlier (Turunen et al.,
2012). The radioactivities on the chromatography plates were determined by
exposing imaging plates, scanning these with the FLA 5100 scanner (both from
Fujifilm; Tokyo, Japan) and determining the band intensities and sizes with
Nikon NIS-Elements AR (Nikon; Tokyo, Japan). All lipid assays are endpoint
assays.

4.3.3 SIMULATIONS (IV)
In IV, obligate receptor dimer properties were investigated. The equations
were derived utilizing the methods I have previously utilized (Kukkonen et al.,
2001; Kukkonen, 2004a), originally probably applied from the enzymes
kinetics (see, e.g., Segel, 1975). The equations derived (as well partial forms for
the analyses of distinct species) were fed into Microsoft Excel and utilized
there for simulations and curve fitting by the least squares method. Analytical
methods were used, i.e., explicit equations were derived for each output
(variable or sum variable) needed. The analyses in IV were based on our
previous findings of apparent homo- and heterotropic co-operativity on orexin
receptors heterologously expressed in CHO-K1 cells (Kukkonen et al.,
unpublished; Putula et al., 2014; Turku et al., 2016; Leino et al., 2018; Turku
et al., 2019).

4.3.4 DATA RETRIEVAL, ANALYSES AND PRESENTATION
In IV, some graphically presented data in previous publications were retrieved
utilizing WebPlotDigitizer (https://automeris.io/WebPlotDigitizer/)
(Rohatgi, 2019). All my own raw data (I–III) and the retrieved data were
analyzed in Microsoft Excel, and also all other data processing (curve-fitting,
summaries, statistics) was conducted in Excel. The final graphs for the

https://automeris.io/WebPlotDigitizer/
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publications were generated utilizing SigmaPlot 11.0 (Systat Software, Inc.;
San Jose, CA, USA).

4.3.5 METHODS UTILIZED IN THE THESIS SUMMARY
mRNA sequences were obtained from the National Center for Biotechnology
Information (NCBI) nucleotide database at https://www.ncbi.nlm.nih.gov/.
Sequences were aligned utilizing ClustalW (https://www.genome.jp/tools-
bin/clustalw). Chemical structures (Fig. 4, Fig. 9) were generated using
ChemDraw Professional 19.1 (PerkinElmer Informatics, Inc.) mainly by
downloading the structures based on the compounds' CAS-numbers. Fig. 8
was drawn using SigmaPlot 11 for Windows.

https://www.ncbi.nlm.nih.gov/
https://www.genome.jp/tools-bin/clustalw
https://www.genome.jp/tools-bin/clustalw
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5 RESULTS AND DISCUSSION

5.1 RECOMBINANT OREXIN RECEPTOR SIGNALING

5.1.1 Responses upon OX1 and OX2 receptor stimulation in CHO-K1
cells (I)

In I, I wanted to explore the signaling pathways for the OX2 receptors in our
recombinant CHO cells. The experiments were based on the previous
knowledge of the signaling of the OX1 receptors in these cells, and the aim was
to see whether there was any real difference between the receptors; there had
been some publications with claims – though rather unmotivated – that there
would be (Zhu et al., 2003). To obtain comparable data, OX1 and OX2 were
analyzed in parallel. The outputs measured were receptor binding, Ca2+

elevation, PLC activation, PLD activation (previously ascribed to PLD1 for
OX1; Jäntti et al., 2012), 2-AG release (previously ascribed to DAGL for OX1;
Turunen et al., 2010; Turunen et al., 2012), AA release (previously ascribed to
cPLA2 and MAGL for OX1; Turunen et al., 2010; Turunen et al., 2012) as well
as AC inhibition and stimulation. The AC studies were performed under
conditions that allowed these to be linked to Gi and Gs, respectively
(Holmqvist et al., 2005). As concerns the other responses, the G-proteins
responsible were not known at the time. In I, the responses were not
investigated in the same detail as in the previous studies with OX1; i.e., the
orexin-A concentrations tested were few and only a few central inhibitors were
used.

In short, both receptors were able to initiate similar responses. The EC50

values measured for all responses were the same or slightly higher for OX2

than for OX1. The maximum responses for Ca2+, PLC, 2-AG and AA release as
well AC inhibition were the same for both receptors (I, Figs. 2, 3, 4 and 6B). In
contrast, the maximum PLD activation and AC stimulation responses were for
OX2 only 25–30% of that for OX1 (I, Figs. 5AC and 6C). As such the differences
in the EC50 values or maximum responses may not indicate much since both
cell lines are products of single-cell clone expansion. Some responses, such as
Ca2+, are easily saturated, mainly due to the probe properties (high affinity)
but also because of the cellular Ca2+ regulation. The Gs-mediated AC
stimulation response requires higher orexin-A concentrations and may thus
be weakly amplified; even a small difference in the receptor expression level
may then affect the maximum response. However, the difference in the PLD
response is more difficult to explain by this reasoning. Activation of both PLC
and PLD occurs in the same concentration range and thus we might assume
them to have a similar degree of receptor reserve – unless the signal pathways
were in a different degree limiting for these responses. PLD1 is assumed to
mediate the responses for both receptor subtypes based on the effect of the
PLD1i (see Jäntti et al., 2012, for OX1, and I, Fig. 5D, for OX2). In our previous
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study with OX1 only, 10 µM of the inhibitor of the conventional and novel PKC
isoforms, GF109203X, reduced the PLD response to 100 nM orexin-A down to
12% of the control (Jäntti et al., 2012). In I, the PLD response to the 100 nM
orexin-A on OX2 was inhibited down to 45% (I, Fig. 5D) which, when we take
into consideration that the OX2 response is only 30% of the OX1 response (I,
Fig. 5C), would correspond to 14% of the maximum OX1 response. Thus, it
seems that the PKC-independent component in the PLD response is equal for
both receptors while the PKC-dependent (likely a novel PKC, maybe PKCδ, as
suggested in Jäntti et al., 2012) component is much stronger for OX1. For 1 nM
orexin-A, similar comparison is impossible to conduct as the actual response
is very low in the presence of 10 µM GF109203X: For OX1 a few % above the
basal and for OX2 a few % below the basal in average (Jäntti et al., 2012, for
OX1, and I, Fig. 5D, for OX2, respectively).

The data produced in I allow analysis of the shape of the concentration–
response relationship only for Ca2+, PLC and both adenylyl cyclase responses.
For both receptor subtypes, these are monophasic and not distinctly shallow
(I, Figs. 2, 3 and 6BC). In contrast, the PLD activity and AA and 2-AG release
were only assessed with two concentrations of orexin-A (1 and 100 nM) and
thus the results do not allow such analysis. We have previously seen biphasic
(or shallow) concentration–response curves for OX1 receptor responses in
CHO cells. Such responses have been PLD activation (Jäntti et al., 2012), DAG
generation (Johansson et al., 2008) and the apparent PKC-dependent AC
stimulation (Holmqvist et al., 2005) (summarized in Leonard and Kukkonen,
2014). It should be noted that also the Ca2+ concentration–response curve in
(Larsson et al., 2005) is biphasic, but in all our other studies we have seen
monophasic and normally steep curves for Ca2+ for both OX1 and OX2

receptors (Lund et al., 2000; Ammoun et al., 2003a; Putula et al., 2011; Karhu
et al., 2015; Turku et al., 2017; Rinne et al., 2018). The shape of the curve for
DAG generation may be explained by that the high-potency minor component
comes from PLD and the low-potency major component from PLC (Johansson
et al., 2008), and the apparent PKC-dependent AC stimulation (Holmqvist et
al., 2005) might just come from the DAG from the PLD activity. For OX1, the
high-potency component of the PLD activity (Fig. 8, , 0.01–1 nM) (Jäntti et
al., 2012) fits perfectly with the high-potency component of the DAG
generation (Johansson et al., 2008) (Fig. 8, , 0.01–1 nM) and the high-
potency PKC-dependent AC stimulation (not shown; see Holmqvist et al.,
2005, Fig. 7), and the current PLD data for OX2 (I) fit equally well (Fig. 8, ).
We have also previously reported that AA release upon OX1 receptor
stimulation is biphasic for both orexin-A and -B (Turunen et al., 2010); we
later explained this to be due to high-potency cPLA2 activity and low-potency
DAGL activity (Turunen et al., 2012). Even the range, in which cPLA2 operates,
0.01–1 nM orexin-A, fits nicely with the other data (Fig. 8,  with grey fill).
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Figure 8 Comparison of the high-resolution data for OX1 from previous studies
and the low-resolution data for OX2 from I. The data are presented as
mean ± standard error of at least 3 independent determinations. The
original data were published as described in the adjacent text. The
PLD data for OX2 were normalized to the OX1 data at 100 nM to
allow easier comparison. Please also observe that the AA release
data for OX2 are not fully comparable to the AA release by cPLA2
upon OX1 activation, as also DAGL operates in this range.

Thus, though the responses were not investigated at this detail in I – only
the concentrations 1 and 100 nM were tested for the PLD, AA and 2-AG
responses – and the specific roles of cPLA2 and DAGL in the AA release were
not assessed, the data of I for both OX1 and OX2 fit as such nicely together with
the previous OX1 data (Fig. 8). Yet we must recognize that no biphasic
concentration–response curves have been produced for OX2 in I or in previous
studies.

The apparent Gi-dependent inhibition of AC occurred in the similar
concentration range as the other high-potency responses in Fig. 8 for both OX1

and OX2 (EC50 = 0.028 nM and 0.058 nM, respectively). The apparent Gs-
dependent AC stimulation, on the other hand, took place only at 1000-fold
higher orexin-A concentration, but the potency was essentially the same for
both OX1 and OX2.
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In summary, this study suggests largely the same signaling for both human
orexin receptor subtypes (with respect to the responses measured). There yet
are potentially interesting differences (the maximum PLD and Gs responses),
though cell-based differences cannot be excluded as explanations to these.
Unfortunately, there are little other data to compare to as the receptor
subtypes have not been assesses in parallel with respect to other responses
than Ca2+ elevation or PLC activation in other studies. One considerable
shortcoming in I is the lack of the assessment of the other endogenous ligand,
orexin-B. Unfortunately, that had to be left out since it would have doubled the
number of the samples.

5.1.2 Inhibition of Gq subfamily G-proteins (II)
A cyclic depsipeptide inhibitor of Gq/11/14 (but not G15), YM-254890 (Takasaki
et al., 2004; Nishimura et al., 2010), was known, but it had not been available
for years and thus had not ever been tested with orexin receptors. However, a
closely related molecule, UBO-QIC, had become commercially available from
the Institute of Pharmaceutical Biology, University of Bonn. This toxin was
actually identical to a previously identified, uncharacterized plant product,
FR900359 (Fujioka et al., 1988). I was thus eager to test UBO-QIC/FR900359
for orexin receptor signals in CHO-K1 cells. However, no characterization with
respect to different G-proteins was published at the time. I waited a while but
then decided to do some characterization myself. I had no access to direct G-
protein readout assays and therefore I selected a few receptor responses I
assumed to be quite certainly linked to specific G-protein pathways, i.e., giving
resolution at least on the subfamily level. Such responses were PLC
stimulation (Gq) for heterologous human M1 muscarinic receptors and
endogenous P2Y purinoceptors (Iredale and Hill, 1993); AC inhibition (Gi) for
heterologous CB1 cannabinoid receptors and 2A adrenoceptors; and AC
stimulation (Gs) for heterologous 2 adrenoceptors and endogenous EP
prostanoid receptors (own observation) in CHO-K1 cells. UBO-QIC (1 µM, 30
min preincubation) fully inhibited the M1 response without any inhibition of
the Gi or Gs response, suggesting selectivity for Gq. In addition, a few other
responses were tested. 2A adrenoceptors (Gi) in CHO-K1 cells do not only
couple to AC inhibition but also to Ca2+ elevation via G from Gi, as the
response is inhibited by PTx (Kukkonen et al., 1998). We have previously
shown that this signaling is dependent on permissive Gq signaling, supplied,
e.g., by the constitutive leak of ATP/ADP from the cells (Åkerman et al., 1998).
Therefore, it was not surprising that this response was also fully inhibited by
UBO-QIC despite it not acting on Gi. HEL human erythroleukemia cells
express several GPCRs coupled to Ca2 elevation. Based on the known G-
protein coupling profile and the inhibition by PTx in I (and the previous
studies Motulsky and Michel, 1988; Michel et al., 1989; Schwaner et al., 1992;
Baltensperger and Porzig, 1997), 2A adrenoceptors and neuropeptide Y
receptors (unknown type) do this via the Gi/o subfamily while P2Y and P1

purinoceptors as well as PAR1 protease-activated receptors do this via other,
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PTx-insensitive G-proteins. UBO-QIC nearly fully inhibited both the P2Y and
the PAR1 responses. HEL cells derive from the hematopoietic lineage and
should thus express G15, a Gq subfamily G-protein -subunit that signals in
the same way as the other members but expands the range of receptors
coupling to the PLC–Ca2+ signaling (Milligan et al., 1996). It has actually been
shown that the Ca2+ response to UTP in these cells (likely P2Y2) fully relies on
G15 (Baltensperger and Porzig, 1997).

I thus drew the conclusion that UBO-QIC is an inhibitor of Gq and G11 (these
G-proteins cannot be separated here) and likely also G15, but not Gi or Gs, while
G12 and G13 were not tested. There are altogether 4 subfamilies of
heterotrimeric G-protein G-subunits (2.3.1.1) with more than 20 members.
The studies, as conducted here, do not specifically pinpoint any members
within the subfamilies – and actually most experiments were conducted with
the Chinese hamster G-proteins – but it seems reasonable to assume that,
considering the high homology within the subfamilies and the data for the
highly similar molecule, YM-254890 (Fig. 9), that the three other subfamilies
of G-proteins would not be affected. However, the inhibition of HEL cell
responses suggested G15 inhibition, which would be clearly different from YM-
254890.

Figure 9 The depsipeptide Gq/11/14 inhibitors. The structures were drawn using
ChemDraw Professional 17.0 (PerkinElmer Informatics, Inc.;
Waltham, MA, USA) and the differences (marked in red in the
electronic version) identified from the images in (Schlegel et al.,
2021).
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My study was the first on UBO-QIC to make it to the PubMed but soon
another study, with an officially earlier acceptance date, appeared. This was by
the group of Dr. Kostenis (and plenty of collaboration partners) and was quite
comprehensive in its approach. Direct BRET measurements of human G
protein-subunits stated that UBO-QIC was an inhibitor of Gq, G11 and G14

but not of G15, Go1–2, Gi1–3, Gs or G12–13 (Schrage et al., 2015). After this
convincing study it is difficult to explain the results in our HEL cells. In
retrospective, it is unfortunate that I did not use UTP but ATP in my studies,
although the results of Baltensperger and Porzig (1997) suggest that UTP and
ATP activate the same receptor in these cells. While G15 is able to couple many
receptors to the PLC–Ca2+ cascade when expressed heterologously, it seems to
show selectivity in native expression (Baltensperger and Porzig, 1997), and
therefore the fact that we now assume that the G-protein coupling to the P2Y

receptor in our HEL cells is Gq/11 and not G15, does not mean that our HEL
cells would not express any G15. It is known that the same cell lines cultured in
different places differ, i.e., development of subclones may take place. While
the results of Schrage et al. (2015) are convincing, an obvious experiment from
my side would have been to overexpress G15 in some of my cells and test
whether it could substitute for Gq/11 in cells treated with UBO-QIC.

5.1.3 Dependency of orexin responses on Gq subfamily G-proteins (III)
Once UBO-QIC had been characterized, I wanted to apply it on the responses
measured with OX1 and OX2 receptors in CHO-K1 cells. The same responses
as in I were selected for the test. UBO-QIC fully inhibited the Ca2+ elevation,
PLC and PLD activation, and the AA and 2-AG release responses for both
receptors, as may appear less surprising for these responses at the first glance.
However, at least the OX1 receptor signaling in CHO-K1 cells is very
complicated: While PLC would be an obvious candidate for Gq/11-mediated
PLC activation, the Ca2+ elevation – at least for OX1 – comes a) in part from
IP3-independent Ca2+ influx (Lund et al., 2000; Ekholm et al., 2007), for which
b) cPLA2 activity seems essential (Turunen et al., 2010; Turunen et al., 2012),
and c) PLD activation is in part driven by PKC activated by an unknown
mechanism; the PLC response of OX1 receptors is inhibited by the PLC
inhibitor U73122 while the PLD response is not (Jäntti et al., 2012). At the
same time, the cPLA2 activity can be blocked by reduction of the driving force
for the Ca2+ entry (i.e., indirect inhibition of the Ca2+ influx; Turunen et al.,
2010). Therefore, this result of III seems quite surprising, while it would be
quite normal for a "regular" Gq-coupled receptor.

The Gs-dependent AC stimulation was unaffected by UBO-QIC, which is
logical. To my surprise, the AC inhibition was partially (OX1) or fully (OX2)
inhibited by UBO-QIC. Although we do not know the AC isoform(s) in CHO-
K1 cells, we have previously mapped the regulatory properties of it/them
(Holmqvist et al., 2005); the conditions we are using should allow
investigations of the Gi effect in isolation, and we could see here that even
PTx terminated the AC inhibition. In addition, we had just shown that on the
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CHO-K1 background, classical Gi responses (AC inhibition by 2A and CB1

receptors) are not inhibited by UBO-QIC (II). The apparent requirement of
both PTx-sensitive and UBO-QIC-sensitive G-proteins in the OX1/2-mediated
inhibition of AC thus remains a mystery. We have previously concluded that
Ca2+ influx would somehow be important in coupling of orexin receptors to
other responses (see 2.3.1.4). One potential explanation would thus be that the
Ca2+ influx, apparently driven by Gq, is required for the Gi-coupling.

One "technical" finding, important for future studies, was that the
inhibitory effect of 1 µM UBO-QIC was complete in less than a minute after
addition to the cells; thus, essentially no preincubation is needed.

5.2 OREXIN RECEPTOR DIMERS/OLIGOMERS (IV)

Orexin receptors, like many (all?) class A GPCRs (2.3.2), seem to be able to
form homo- and heterodimers (Kukkonen and Turunen, 2021). We had
previously observed apparent positive co-operative binding when utilizing
125I-orexin-A as the radioligand together with orexin-A or some small synthetic
molecules: in essence, instead of displacing 125I-orexin-A, the "cold"
compounds, at low concentrations, increased its binding. This is indicative of
more than one binding site in positive co-operative interaction, and for GPCRs
the obvious explanations would be receptor dimers/oligomers. I speculated
that the apparently antagonistic compounds could act as orexin receptor
positive allosteric modulators (PAMs, i.e., antagonist-PAMs), which is at the
same time an obvious and a radical thought.

In order to know what kind of behavior to expect from a dimeric receptor I
turned to mathematical modeling, as I have previously done for other
questions (Kukkonen et al., 2001; Kukkonen, 2004a). At the time I did not find
any suitable model and I thus decided to build one myself. For the sake of
simplicity, the model incorporates an obligate receptor homodimer (which is
mathematically indistinguishable from a single receptor molecule with two
equal binding sites). The protomers/sites can be made positively or negatively
co-operative at the level of binding or receptor activation (or both). In
addition, a simple response amplification step was incorporated. The model
allows manipulation of the level of constitutive receptor activity and thus the
potential role and profile of inverse and protean agonism.

Even a simple model can give rise to a huge range of different behaviors,
and it is difficult to evaluate, how realistic these are, as most of the parameters
cannot be experimentally assessed. Thus, the actual validation of the model
may be conducted in reverse order, i.e., by testing whether and how the model
may be able to produce the behavior seen in experiment setting. I thus tested
whether the model would be able to reproduce some of our own experimental
data for orexin receptors and some found in the literature for other receptors.
That could indeed be done, and the response data (i.e., Ca2+ elevation) could
be equally well reproduced with positive co-operativity at the level of receptor
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binding or receptor activation, thus not allowing distinction of these. We must
also remember that reproduction of the data is just one of the criteria for a
good model and thus not sufficient to prove that the model is valid. The
apparent positive co-operativity seen in the binding or response in the data
used in IV was quite low and one can question its significance. The model as
such could produce much more drastic behavior under "optimal" conditions
giving hints as to which kind of experimental design could be applied to test
the validity of the model. In fact, we have seen strong apparent positive co-
operativity in receptor binding with some small synthetic molecules (Leino et
al., 2018), but the data were not detailed enough to be included here, and the
current binding assay with 125I-orexin-A is not optimal.

I feel that the model developed is a useful tool. I further explored it in the
modeling of biased signaling, i.e., when even an apparently silent ligand may
alter the G-protein coupling of the receptor, but the data did not fit well in IV,
also as I could find very little published experimental data to utilize for curve
fitting. Nevertheless, this is an interesting hypothesis, and it certainly works
on the modeling level (Kukkonen, unpublished).

Should the model actually include dynamic regulation of dimerization? To
be more realistic, yes, but it probably currently would not improve the validity
of the modeling that much. The problem is that receptor dimerization – or
most of the other parameters – is not easily measured in cells, and thus the
complexity of the model would just increase without any real advantage.
Nevertheless, the measurement methods are improving so maybe this is not
too far-fetched. The mathematical formulation of the model, if directly
expanded to allow dimerization and separation of all possible complexes (RR
 R + R, RR*  R + R*, R*R*  R* + R*, ARR  AR + R,...), would be quite
a challenge for me to build without any errors.

I have speculated that one explanation to tissue-specific coupling of
receptors to particular G-proteins might be dimerization partners (Kukkonen,
2019; Kukkonen and Turunen, 2021); for OX1 receptors, one potential
dimerization partner has been suggested to change the signaling profile
(2.3.2). Currently, the mathematical model does not allow receptor
heterodimers, but such a model could be derived utilizing the same methods.
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6 CONCLUSIONS AND FUTURE
PERSPECTIVES

In the current studies I have established that OX1 and OX2 receptors largely
signal in the same way in CHO-K1 cells, but I also see some interesting
differences, i.e., the apparently stronger coupling of OX1 to Gs and PLD.
However, we cannot disregard the effect of single cell-based clonal selection in
the establishment of these cell lines – though experiments might be devised to
test this too. There also are several obvious white areas. The most obvious is
the lack of assessment of the responses to orexin-B. Clearly this should be very
interesting to test but at the time of the experiments I did not have the capacity
to handle twice the number of samples. In another study, we have compared
orexin-A and Nag 26, and can see some differences in the potency for different
responses, maybe indicative of biased signaling (Rinne et al., 2018); might
similar be seen with respect to orexin-A and -B? As identified in section 5,
some unclear issues could be solved by transient heterologous expression of
the receptor subtypes (or other proteins in the same cells); one could, e.g.,
express both subtypes separately in the same CHO-K1 background and test
whether there still would be a difference in the coupling to PLD and AC
stimulation. Or one could express another Gs-coupling receptor in both
current cell lines to test its maximum AC stimulation capacity. An interesting
receptor property, potentially contributing to the signaling, is the expression
level, which currently cannot be assessed for the orexin receptors. There is,
however, the possibility of purchasing a (very expensive) 3H-labeled
antagonist or expressing heterologous tagged receptors. Heterologous co-
expression of OX1 and OX2 receptors has not been tested in any expression
system; the receptors can make heteromeric complexes (Jäntti et al., 2014),
which may have different signaling properties – though they most likely don't,
if I am allowed to guess.

As discussed in section 5, OX1 receptor signaling in CHO-K1 cells is
complex. It may well be that we never can solve the role of Ca2+ influx in orexin
signaling, as the evidence currently appears contradicting. If we, though, could
find a compound that selectively blocks this influx, we would get closer to a
solution. Our hypothesis is that some sort of TRP channel isoforms are
involved, but there are more than 20 different genes for these and potential
heterodimerization increases the number of functional channel types. There
are inhibitors for some of these channels available. Identification of the
activation mechanism of the orexin receptor-regulated channels might help to
narrow down the search; our hypothesis has been that cPLA2 activity is
involved but at the same time Ca2+ influx seems to be needed for cPLA2

activity, which suggest this to be less straightforward (Turunen et al., 2010;
Turunen et al., 2012). cPLA2 generates at least AA and sn1-LPC; AA could act
on ARC channels, later suggested to be composed of Orai1- and -3-subunits
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(Shuttleworth, 2012), or some TRP channels (TRPC6, TRPM2, TRPM5)
(Kukkonen, 2011), and LPC on other TRP channels (TRPC5, TRPM8)
(Kukkonen, 2011). In addition, both AA and LPC can be rapidly processed, AA,
e.g., to eicosanoids and LPC to LPA. Both eicosanoids and LPA can act on
GPCRs (Blaho et al., 2021; Clapp et al., 2021) and ion channels (Kukkonen,
2011; Kittaka et al., 2017), and thus we might have a situation similar to the
orexin receptor-mediated CB1 receptor activation (Jäntti et al., 2013). CHO-K1
cells are not optimal for the studies but their usefulness has increased upon
sequencing of the CHO-K1 and Chinese hamster general genomes and
annotation (Xu et al., 2011; Lewis et al., 2013; Rupp et al., 2018) and even the
CHO-K1 mRNA and protein expression data are available (e.g. at National
Center for Biotechnology Information, https://www.chogenome.org/ and
https://jbrowse.org/jb2/). However, the expression of the signaling proteins
(even the primary ones) for GPCRs has not been analyzed in CHO-K1 cells. We
should do this soon to facilitate the analysis of our own results and future
studies.

Yet one should ask oneself whether it is useful to continue to work with
CHO cells; would a human cell line, e.g., HEK293, for which we have recently
established clones expressing either human orexin receptor subtype, be more
suitable? Or should one try to go for immortalized CNS neurons
heterologously expressing orexin receptors (Wang et al., 2014; Koesema and
Kodadek, 2017) or even inducible human or rodent pluripotent stem cells
(iPSC) -based orexin target neurons (not reported yet)? It is not easy to answer
this question, but the latter, when available, would offer an incredibly
interesting opportunity. Still, even studies in recombinant cells of non-
neuronal origin, which are cultured more easily and in much higher amounts
than neurons, offer a system to study the principle coupling properties of
orexin neurons. This knowledge can then be applied on neurons. We have
plenty of data from CHO cells produced in our previous studies and therefore
targeted studies may be easier to conduct in these cells.

As discussed under 5.2, the modeling of the receptor dimers could be
developed further to explore the biased signaling and include dynamic
regulation of dimerization. On the other hand, the modeling should be
complemented with laboratory experiments; this is the only way to verify the
validity of the model and to develop it further. I am currently developing a
more sensitive dimerization assay for GPCRs, which would then be utilized to
evaluate the usefulness of the dimerization inhibitor pepducins in the studies.

While a lot has been done with orexins and much is known about their
physiological role, we do not have a coherent picture of the receptors in their
native environment – and not even in heterologous expression systems. Yet
we feel this would be important for the understanding of the orexin physiology
as well as for drug discovery including novel types of drugs. One possibility is
that orexin receptors present novel signaling features, knowledge of which
could be applied on other GPCR systems as well.

https://www.chogenome.org/
https://jbrowse.org/jb2/
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