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Abstract

Orexin receptors (OXRs) are promiscuous G-protein-coupled receptors that signal via several G-proteins
and, putatively, via other proteins. On which basis the signal pathways are selected and orchestrated
islargely unknown. We also have an insufficient understanding of the kind of signaling thatisimportant
for specific types of cellular responses. OXRs are able to form complexes with several other G-protein-
coupled receptorsin vitro,and one possibility is that the complexing partners regulate the use of certain
signal transducers. In the central nervous system neurons, the main acute downstream responses of
OXR activation are the inhibition of K* channels and the activation of the Na*/Ca?* exchanger and non-
selective cation channels of unknown identity. The exact nature of the intracellular signal chain between
the OXRs and these downstream targets is yet to be elucidated, but the Gq—phospholipase C (PLC) pro-
tein kinase C pathway - which is a significant signaling pathway for OXRs in recombinant cells - may
be one of the players in neurons. The G;-PLC pathway may also, under certain circumstances, take the
route to diacylglycerol lipase, which leads to the production of the potent endocannabinoid (eCB),
2-arachidonoyl glycerol, and thereby connects orexins with eCB signaling. In addition, OXRs have been
studied in the context of neurodegeneration and cancer cell death. Overall, OXR signaling is complex,

and it can change depending on the cell type and environment. ©2021 The Author(s)
Published by S. Karger AG, Basel

Introduction

The aim of this chapter is to focus on the molecular players in the cellular responses to
orexin receptor (OXR) activation. As we have previously reviewed this in detail [1-7], we
will draw on the basics of the signaling and provide an update on recent developments.
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We need to apply certain criteria in selecting our information. First, there has to be a
direct demonstration that OXR signaling is either distorted or affected, as pathway in-
hibitors often lack specificity. We must further consider that permissive background sig-
naling pathways may be required for the readout response, and that their inhibition may
also inhibit the “orexin-specific signal.” In neurobiology, we clearly need to be more lib-
eral, as there are no methods to measure the signals in those very few cells targeted, but
the approaches still need to make sense. The second criterion is that the signaling pro-
posed needs to be logical, and if not, an explanation or a hypothesis provided. Third, the
methods of the study need to be fully described and validated.

G-Proteins and Other Potential Interaction Partners and Signal Transducers for
Orexin Receptors

The OXRs OX;R and OX;R are G-protein-coupled receptors (GPCRs). They display the
typical signaling via heterotrimeric G-proteins [4]. However, only a few studies have di-
rectly investigated the primary coupling of these receptors (reviewed in [4, 6]; for exam-
ples, see [8-13]). The reason is that good and specific tools for such investigations are both
scarce and difficult to apply. Some studies rely on the interpretation of the downstream
signal readouts being indicative of particular G-protein pathways, which is rarely a simple
or unequivocal approach, and especially transcription factor-based readouts cannot be
linked to a specific G-protein. Dominant-negative G-proteins are not specific [14]. OXRs
are thought to belong to the promiscuous GPCRs, i.e. they can signal via G-proteins from
three subfamilies [4, 6]. This is typical for GPCRs, but we do not know what decides which
G-proteins are activated in which tissue. No evidence shows significantly different signal-
ing of the two OXR subtypes.

The availability and recruitment of the primary signal transducers decide which kind
of cellular signal(s) the receptor generates, and the co-produced signals may be both di-
vergent and convergent. Identification of the signal transducers provides us with basic
physiological information of the spectrum of the receptor signals and the regulation of the
subsequent signaling components. For a number of GPCRs, so-called biased signaling, i.e.
the preferential activation of different signal pathways by chemically different ligands, has
been reported [14-16], supporting the idea that several types of G-proteins (and other
signal transducers) may be able to interact with a single GPCR. Biased signaling is a ther-
apeutically attractive approach to promote particular signals without activating other
ones. An example of much interest is the development of opioid receptor agonists that
would not activate the B-arrestin pathway, thus potentially avoiding receptor desensitiza-
tion and physiological tolerance [17].

We have investigated the potential of OXRs for biased signaling using the native ago-
nists orexin-A and orexin-B and the synthetic agonists Ala'!-dLeu!*-orexin-B and Nag 26
(4'-methoxy-N,N-dimethyl-3'-[N-(3-{[2-(3-methylbenzamido)ethylJamino}phenyl)
sulfamoyl]-(1,1-biphenyl)-3-carboxamide. We first observed that the relative agonist po-
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tencies for the G4-dependent calcium responses were different in CHO (Chinese hamster
ovary K1) and HEK293 (a human embryonic kidney cell line) cells [18]. Further, different
Gg-dependent responses gave inconsistent relative potencies when assessing orexin-A
and Nag 26 in OX;R- and OX,R-expressing CHO-K1 cells [19]. Possible explanations for
these observations could include the presence of different thresholds, amplification and
cut-off levels for different readouts [5], and that several G-protein pathways contribute to
each readout. In agreement with this, we have previously observed unexplained collabora-
tion between two different G-protein signaling pathways for OXRs [20]. The agonist Nag
26 which, for the apparent G, responses prefers OX,R, shows OX;R preference for the
apparent G, response [19]. These studies, as discussed by Putula et al. [18], indicate biased
signaling of OXRs.

One significant issue is that often, we do not know which signal cascade is the most
relevant for the response we want to achieve for therapeutic purposes. This applies for
narcolepsy or any other pathology of the orexin system. Several studies, and even reviews,
infer that the major primary signaling transducer for OXR is G4 [4]. However, this is based
solely on the original finding of a significant coupling of human OXRs to calcium eleva-
tion in HEK293 [21]. Additional studies have demonstrated a strong coupling to the clas-
sically G4-mediated responses, Ca** elevation and phospholipase C (PLC) activation, es-
pecially in recombinant cells [4, 5]. We have since shown that the heterologously ex-
pressed human OXRs in CHO-K1 cells couple to the calcium elevation and a number of
other readouts via the G, family (use of the toxin UBO-QIC/FR900359) [20]. However,
these are recombinant, receptor-overexpressing cells; the calcium signaling of OXRs in
these cells is peculiar [4] and the PLC-dependent calcium release is unlikely to be a major
response in neurons. The G-protein families Gy, and G, have also been implicated in the
OXR signaling (reviewed in [4, 6]; for examples, see [8-10, 20, 22]).

In neurons, some studies utilize pharmacological inhibitors of downstream signal
pathways. In such cases, G is extrapolated from the inhibitory potential of PLC and pro-
tein kinase C (PKC) inhibitors [2, 4, 5]. The available PLC inhibitors are inactive, nonspe-
cific, or even toxic [2]. PKC inhibitors may be more useful, but like most kinase inhibitors,
they show relative specificity at best [23, 24]. PKC isoforms may also be activated via path-
ways other than the G4-PLC route [25].

In addition to heterotrimeric G-proteins, OXRs couple to the general GPCR compan-
ion, B-arrestin, which may transduce some orexin signals [26-28]. Additional non-recep-
tor proteins suggested to interact with OXRs are the protein tyrosine phosphatase SHP-2
and the dynein light chain Tctex type 3 [29-31]. The former is proposed to be involved in
cell death. The melanocortin receptor accessory protein 2 (MRAP2) has been shown to
interact with OX;Rs in recombinant CHO-K1 cells [32], and to decrease both the total and
plasma membrane expression of OX;R and the OXR signaling, but the latter could be due
to the decreased OXR cell surface expression.
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Orexin Receptors in Receptor Complexes

GPCRs have been suggested to form dimers or oligomers with themselves or other GPCRs
[33]. The number of protomers in the complexes is usually unknown, but they are often called
dimers, reflecting the methods most often utilized. For OXRs, we have recently reviewed the
current knowledge [6, 7]. In brief, both OXR subtypes can form complexes with themselves,
each other, and other GPCRs, as demonstrated utilizing many different techniques. In fact,
all the GPCRs tested have made complexes with OXRs. Additions to the receptor dimer list
since our last review include the following complexes: OX;-CCK; [11], OX;-ghrelin [12, 34],
OXj-apelin [35], OX;-CRF, [36], and OX,-5-HT;4 [37]. The non-GPCR receptors 01, 0;,
and leptin receptors have also been reported to form complexes with OXRs [34, 36, 38].

Nearly all data are derived from cell lines (CHO-K1 or HEK293) where the receptors
had been heterologously expressed. The physiological significance of the data thus re-
mains unknown with regard to (1) the process of formation of the complexes and (2) the
physiological co-expression of the receptors investigated. In some cases, the authors jus-
tify the studies by suggesting physiological co-expression, but as we know, the anti-OXR
antibodies are not reliable ([1]; plenty of our own unpublished studies). Functional inter-
action may be mistaken for molecular interaction [39, 40]. The only physiological evi-
dence for the functional OXR complexes thus far concerns OX;-CRF;-0; complexes in
rat ventral tegmental area [38]. In this study, the authors determined the molecular inter-
action in vitro. The interaction could be inhibited by a plasma membrane-penetrating
peptide fused with isolated OX;R transmembrane segments (pepducins). These peptide
inhibitors were then used to inhibit the complex formation in vivo [38].

For many GPCRs, signaling in the heteromeric complexes is different from that of ho-
momeric, and this applies also to OXRs [11, 13, 37, 41]; maybe the tissue-dependent G-
protein activation by OXRs (and any GPCR) may be explained by the complex partners
[7]. Other known properties that are possibly changed by the complexing are receptor
pharmacology and trafficking [42, 43]. For OXRs, we presume that the functional com-
plexes in recombinant cells are di- or oligomeric [44-48]. The only current tools able to
inhibit dimerization, pepducins, have not been applied on homomeric OXRs and thus,
the role of di-/oligomerization is not known for these, and pepducins may also have off-
target effects [49]. In some cases, the agonists of the receptor protomers are suggested to
regulate the complex formation [11, 12, 37,41, 44, 47, 50-52]. However, the current meth-
ods are not well suited for this [6]. Therefore, only one published paper seems to provide
clear evidence for the dynamic regulation of OXR complexing [44].

Most of the receptors for which heteromerization with OXRs has been shown are not
unequivocally known to be expressed in the same endogenous cells as OXRs. Even more
interesting is that some GPCRs of interest, known to be expressed in the same neurons as
OXRs, have not been investigated for possible complex formation with OXRs. This in-
cludes nearly all the neuronal GPCRs in the orexin target neurons and the receptors in the
adrenal cortex, where significant orexin responses have been reported [1], for example the
MG, receptors (adrenocorticotropin receptors).
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Orexin Responses in Different Cell Types

We have previously reviewed the signaling in neurons and other cell types [4, 5]. In brief,
neuronal cells appear to be targets of OXR-mediated depolarization, largely by inhibition
of K* channels and activation of Na* influx via Na*/Ca?* exchangers and non-selective
cation channels [4, 5]. On a minute-hour timescale after OXR activation, plastic effects
take place [4, 5]. From a molecular perspective, our understanding of neuronal OXR sig-
naling remains limited: we still do not know (1) which G-proteins (or other proteins) are
the main signal transducers in neurons, (2) the signaling cascades to Na*/Ca?" exchang-
er and the non-selective cation channels, or (3) the identity of the latter. The selective G,
inhibitor, UBO-QIC/FR900359 [53, 54], has only been applied to the OXR-expressing
recombinant CHO-K1 cells [20]. There are also inhibitors with determined profiles for
different non-selective cation channels, and we look forward to studies utilizing these.
Concerning the signaling cascades further downstream from OXRs, PKC is often identi-
fied in neurons, which, together with the endocannabinoid (eCB) cascades (see below)
and possibly the Na*/Ca?* exchanger, support the notion that coupling of OXRs to the
Gq = PLCP — Ca** elevation and PKC activation may be of significance also in neurons.

Peripheral signaling is an open question regarding orexin physiology. However, since
OXRs appear to be expressed in peripheral tissues, there is at least pharmacological inter-
est [2]. There are several studies demonstrating receptor mRNA and functional respons-
es in peripheral tissues ex vivo [2, 5]. Other studies have utilized cancer or otherwise im-
mortalized cell lines of peripheral origin [2, 5]. Whether these cell lines represent their
tissue of origin or whether the expression of OXRs is induced by tumorigenesis is unclear.
Sometimes the cultured cell lines with their cell culture-induced non-native signaling
repertoire may distort the picture, but from our point of view, these cells or cell lines may
show interesting signaling properties. It seems reasonable to acknowledge here, the stud-
ies investigating OXRs in association with heart function and myocardial protection [55,
56], although the molecular signaling mechanisms remain unknown.

In many cell types, the activation of the phosphoinositide 3-kinase (PI3K) — Akt/pro-
tein kinase B, is triggered upon OXR activation [2, 4, 5]. Some studies have suggested that
Akt signaling drives mammalian target of rapamycin (mTOR) signaling [57], while one
study has suggested mTOR activation to be dependent on Ca** but independent of Akt
[58]. Nevertheless, the mechanism by which PI3K becomes activated upon OXR signal-
ing, the type of PI3K, and the G-protein dependence of this response are unknown.

Orexins and Endocannabinoids

2-arachidonoyl glycerol (2-AG) is assumed to be the major central nervous system (CNS)
eCB. To start this cascade, PLC hydrolyzes phosphatidylinositol-4,5-bisphosphate with
arachidonic acid in the sn2-position to generate diacylglycerol, which in turn is hydro-
lyzed by diacylglycerol lipase (DAGL) to produce 2-AG [59] (Fig. 1). Depending on the
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Fig. 1. Schematic representation of the potential 2-AG actions in orexin signaling. a CB, receptors are
directly located on the presynaptic glutamatergic or GABAergic terminals, providing dis-excitation
(left) or dis-inhibition (right), respectively, of the orexin target neuron. b CB; signaling reduces the in-
hibitory GABAergic axo-axonal signaling to the stimulatory glutamatergic terminal, increasing gluta-
mate release and the excitatory glutamatergic drive (dis-inhibition of the orexin target neuron). The
depicted OXR signal cascades are more briefly abbreviated in a than in b, but are the same. Note that
if the CI~ equilibrium potential was shifted to a more positive potential, the effects of the inhibition of
the GABA release would be mEPSP! both in a (right hand side) and b. 2-AG, 2-arachidonoyl glycerol;
CB;, CB; cannabinoid receptor; DAG, diacylglycerol; DAGL, diacylglycerol lipase; FFA, free fatty acid (re-
leased by DAGL); GABA, gamma-aminobutyric acid; Glu, glutamate; iGIUR; ionotropic glutamate recep-
tors; IP3, inositol-1,4,5-trisphosphate; mEPSP and mIPSP, miniature excitatory and inhibitory post-syn-
aptic potential (frequency), respectively; PIP,, phosphatidylinositol-4,5-bisphosphate; PLC, phospholi-
pase C.
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synaptic wiring, the outcome of the eCB-signaling varies. The classical response is dis-
inhibition (Fig. 1a, right) [59]. Other potential outcomes are depicted in Figure 1a, left,
and Figure 1b. Please observe that, when the Cl~ equilibrium potential is above the resting
membrane potential, GABA acts as a stimulatory transmitter. The readers are directed to
expert reviews in eCBs [59, 60].

For OXRs, PLC is likely activated by G, and DAGL by Ca** elevation. OXR-mediated
eCB signaling was first suggested with respect to suppression of glutamate release (dis-
excitation) in dorsal raphe nucleus [61] and was later supported by findings in additional
experimental setups and CNS sites [62-66]. Orexin utilization of eCBs has been frequent-
ly reported for neuronal circuits regulating antinociception and reward-seeking, by indi-
rect evidence [2, 4, 67]. One example of antinociception is the dis-inhibition of inhibitory
GABAergic tone on descending antinociceptive tracts from the ventrolateral periaque-
ductal gray matter [62, 66]. Reward-seeking can be exemplified by the study of Tung et al.
[65]: here, dopaminergic neurons of the ventral tegmental area were released from GABA-
ergic inhibition during stress-induced cocaine relapse. Orexinergic neurons have also
been suggested to use eCB signaling in an autocrine manner [64].

To date, the only direct demonstration of the OXR signaling cascade via G = PLC
— DAGL - 2-AG — CB;, is by us in recombinant CHO-K1 cells expressing OX;,,R
combined with artificial retrograde signaling [20, 22, 39, 68]. In neurons, the inhibitors
used cannot pinpoint PLC, and other OXR-regulated sources of Ca** should be consid-
ered, such as influx through non-selective cation channels, voltage-gated calcium chan-
nels or the Na*/Ca®* exchanger, all of which could supply an activation signal for both
PLC and DAGL [69]. Diacylglycerol generation via phospholipase D activity [60, 70]
has not been ruled out in in vivo systems. In the dorsal raphe nucleus, orexin-B seems
to inhibit glutamate release via eCBs even when intracellular Ca** elevation is elimi-
nated [61]. Thus, the eCB signaling is probably more complex than presented here. We
must also recognize that the physiological regulatory mechanisms of DAGL are not yet
established [71].

A number of studies indicate that orexins enhance or suppress miniature excitatory or
inhibitory currents [4]. The role of eCBs has seldom been assessed in these cases. Studies
utilize tetrodotoxin to inhibit action potentials in presynaptic neurons, which is a logical
procedure, but it may yet distort the physiological signal as both the stimulatory and ex-
citatory presynaptic inputs are turned off. The often-utilized synaptic block with low ex-
tracellular [Ca?*] and high extracellular [Mg?**] may also inhibit the eCB generation. Nev-
ertheless, the eCB system (Fig. 1) may be one candidate mediator for at least some of these
effects. We should likewise consider the metabolites of 2-AG. 2-AG is hydrolyzed to glyc-
erol and arachidonic acid [72], the latter of which is a messenger in its own right but also
a precursor for eicosanoids [69] - which even 2-AG is [73]!
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Cell Death and Survival

A few research groups, in particular of Drs. Marc Laburthe and Thierry Voisin, have re-
ported OXR-mediated programmed death in immortal cell lines and primary cancer cells
[29, 30, 74]. The molecular mechanisms of the cell death are somewhat unclear, as differ-
ent mechanisms have been reported for different cell types [2, 4]. Nevertheless, the reports
of cell death of primary cancer cells are promising [74, 75]. A study of pancreatic ductal
adenocarcinoma showed, unexpectedly, that both orexin-A and the OXR antagonist alm-
orexant induce death of these cells [75]. The authors suggest almorexant to be a ligand-
biased OXR agonist, activating the cell death pathway, while being neutral with respect to
the calcium pathway. However, this contradicts their previous finding that both respons-
es are mediated by G, [29]. Therefore, the mechanism of almorexant-induced cell death
remains unclear.

Other groups have engaged in the research of the role of OXRs in neuroinflammatory
and degenerative processes (for examples, see [76, 77]). The effects seen are usually small,
and one also has to remember that the published data are often inconclusive as the mea-
surements of mitochondrial respiratory potential do not distinguish between cell prolif-
eration, cell death, and mitochondrial number. With regards to degenerative processes,
several studies have identified orexin-A to be neuroprotective in Parkinson’s disease (for
example, see [78]) but also detrimental to neuronal cells in Alzheimer’s disease [79]. As
such, it is not surprising that the same receptors can promote both apoptotic and anti-
apoptotic signals, and we have seen this for OX;R in recombinant CHO-K1 cells [80].
Nevertheless, it is clearly too early to make conclusions based on these findings. An inter-
esting aspect is that many studies on Parkinson’s disease have been conducted using the
SH-SY5Y cell line, which is not a dopaminergic but a noradrenergic cell line and repre-
sents peripheral sympathetic neurons rather than central neurons. It also remains to be
shown whether these cells express OXRs.

Conclusion

The picture of OXR signaling is more complex than that of many other receptors. We have
identified a propensity to signal via several pathways, but we do not quite know which one
is important in which type of tissue, i.e. we have not managed to take the leap from the
cell lines to native cells. If we wanted, we could do this. Yet, we also do not know many as-
pects — for example, the identity and regulation of the non-selective cation channels — even
in recombinant cells. Plenty of evidence points at a central role of the G4 activation in OXR
signaling, but much of this is extrapolated, and some effort is required to verify this in na-
tive cells. On the cellular lever in the CNS, there is an obvious ability of OXRs to potentiate
synaptic signaling. The plastic effects and induction of cell death are well proven, but we
would still like to know to which degree they truly represent physiological orexin signaling
and, ultimately, what turns the switch to cause either cell survival or cell death.
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How much do we indeed need to know about the cellular OXR signaling before we
can put OXR-based medications to the test? We may not need to — and probably never
will — understand all the unknown details about OXR signaling outlined in this chapter,
but a better insight could certainly be helpful. Quite obviously, if we want to activate OXRs
pharmacologically, the first thing we aim at is a synthetic agonist that triggers the same
intracellular signaling pathways as the orexin peptides. But is that enough or even pre-
ferred, or can we, upon increased knowledge, start aiming at different pharmacological
profiles? Clearly, our ambition must be to understand the molecular determinants of OXR
signaling as well as the environment-specific determinants, whether that is the postsyn-
aptic density or cancer cells signaling complex, or something else. This approach would
serve, equally, the aim of designing novel drugs acting on the orexin system and our un-
derstanding of the profound physiological processes.

Key Take-Home Points

« OXR signaling pathways are complex and apparently utilize different signal transducers in dif-
ferent tissues.

« OXRs are capable of making heteromeric complexes with many other GPCRs in recombinant
systems, but whether this happens physiologically is largely unknown. However, if it indeed
takes place, it might affect OXR signaling, trafficking, and pharmacology.

» OXR signaling can be investigated with appropriate tools: relevant and characterized inhibitors
should be used (there are also plenty of new ones) rather than non-selective and toxic ones,
which provide us little useful information. Cascades should be measured directly when possible
with appropriate positive and negative controls.

« OXRs appear to stimulate 2-AG release in an efficient manner. Thus far, only a few CNS sites
have been assessed for this; we would welcome more.
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