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Abstract

G protein-coupled receptors (GPCRs) are a large family of cell surface receptors that play a critical role in nervous system
function by transmitting signals between cells and their environment. They are involved in many, if not all, nervous system
processes, and their dysfunction has been linked to various neurological disorders representing important drug targets. In
this review, we will first discuss the role of the nervous system GPCRs in the modulation of tripartite synapse function and
how GPCRs control energy metabolism in the brain. We will then discuss the (patho)physiology and pharmacology of opioid,
cannabinoid, acetylcholine, chemokine, and melatonin GPCRs in the nervous system. Furthermore, we will briefly report on
adhesion GPCR function in nervous tissues. Finally, we will address orphan GPCRs, their implication in the nervous system

function and disease, and the challenges that need to be addressed in the future to deorphanize them.
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Abstract

G protein-coupled receptors (GPCRs) are a large family of cell surface receptors that play a critical
role in nervous system function by transmitting signals between cells and their environment. They
are involved in many, if not all, nervous system processes, and their dysfunction has been linked to
various neurological disorders representing important drug targets. In this review, we will first discuss
the role of the nervous system GPCRs in the modulation of tripartite synapse function and how
GPCRs control energy metabolism in the brain. We will then discuss the (patho)physiology and
pharmacology of opioid, cannabinoid, acetylcholine, chemokine, and melatonin GPCRs in the
nervous system. Furthermore, we will briefly report on adhesion GPCR function in nervous tissues.
Finally, we will address orphan GPCRs, their implication in the nervous system function and disease,

and the challenges that need to be addressed in the future to deorphanize them.
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Abbreviations

2-AG: 2-Arachidonylglycerol

5-HTRs: 5-hydroxytryptamine or serotonin receptors

7TM: Seven o-helical transmembrane domain, seven-transmembrane
7TMD: Heptahelical transmembrane domain, seven-transmembrane domain
AC: Adenylate cyclase

ACKR: Atypical chemokine receptors

AD: Alzheimer’s disease

AEA: Anandamide

aGPCR: Adhesion G protein-coupled receptors

ALS: Amyotrophic lateral sclerosis

AMPA: a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
AraG: N-Arachidonoylglycine

AraS: N-Arachidonoylserine

ARs: Adenosine receptors

BBB: Blood-brain barrier

BCP: (-)—B—caryophyllene

BMI: Body mass index

BQCA: Benzyl quinolone carboxylic acid

Ca?": Calcium

cAMP: Cyclic adenosine monophosphate

CARTp: Cocaine- and amphetamine-regulated transcript peptide
CBD: Cannabidiol

CBR: Cannabinoid receptors

CHCL: CXC chemokine ligand

CHCR: CXC chemokine receptor

CNS: Central nervous system

COST: European cooperation in science and technology

CREB: cAMP response element-binding protein

CTF: C-terminal fragments

CXC: CXC chemokine subfamily

DAG: diacylglycerol

DCs: Dendritic cells

DOR: Delta opioid receptor

ECD: Extracellular domain

ECL: Extracellular loop

ECS: Endocannabinoid system

ERK: Extracellular signal-regulated kinases

ERK1/2: Extracellular signal-regulated kinase 1/2

FDA: Food and drug administration

GABA: y-Aminobutyric acid

GABABRSs: y-Aminobutyric acid B receptors

GAIN: GPCR autoproteolysis—inducing

GDP: Guanosine diphosphate

GIRKSs: G protein-coupled inwardly rectifying potassium channels
GLP-1: Glucagon-like peptide 1

GPCRs: G protein-coupled receptors

GPR: G protein-coupled receptors, usually still orphan

GTP: Guanosine triphosphate



HCARI1: Hydroxy-carboxylic acid receptor 1
HD: Huntington’s disease

HMEC-1: Human microvascular endothelial cells
I-TAC: IFN-inducible T cell a chemoattractant
ICD: Intracellular domain

ICL: Intracellular loop

IFN: Interferon

IL: Interleukin

IP-10: IFN-y inducible protein-10

IP3: inositol (1,4,5) triphosphate

JAK: Janus kinase

JAKS: Janus kinases

kDa: Kilodalton

KO: Knockout

KOR: Kappa opioid receptor

LC: Locus coeruleus

LDs: Lipid droplets

LLRs: L-Lactate-sensitive receptors

mAb: Monoclonal antibody

mAChRs: Muscarinic acetylcholine receptors
MAPK: Mitogen-activated protein kinase
MD: Multiple sclerosis

MDL29,951: 2-carboxy-4,6-dichloro-1H-indole-3-propionic acid
mGluRs: Metabotropic glutamate receptors
MIG: Monokine induced by interferon-y
MOR: Mu opioid receptor

MT1: Melatonin receptor 1

MT?2: Melatonin receptor 2

NAAAs: N-Acyl amino acids

NAc: Nucleus accumbens

NAESs: N-Acylethanolamines

NAMs: Negative allosteric modulators
NF-kB: Nuclear factor kappa B

NFEPP: N-(3-fluoro-1-phenetylpiperidin-4-yl)-N-phenylpropionamide)
NK: Natural killer

NMDA: N-methyl-D-aspartate

NPC: Neural progenitor cells

NTF: N-terminal fragments

NTS: Nucleus tractus solitarius

OEA: N-Oleoylethanolamide

oGPCRs: Orphan G protein-coupled receptors
Oligl: Oligodendrocyte transcription factor 1
OP: Oligodendrocyte progenitor

OPCs: Oligodendrocyte precursor cells

OR: Opioid receptor

P2Y: Purinergic receptors

PAMSs: Positive allosteric modulators

PD: Parkinson’s disease

PEA: N-Palmitoylethanolamide

PF-4: Platelet factor-4



PI3K: Phosphoinositide 3-kinases

PIP2: Phosphatidylinositol 4,5-bisphosphate
pKa: Acid dissociation constant at logarithmic scale
PKA: Protein kinase A

PKC: Protein kinase C

PLC: Phospholipase C

POMC: Pro-opio-melanocortin

PTSD: Post-traumatic stress disorders
RGS4: Regulator of G protein signalling 4
RMS: Rostral migratory stream

SC: Neural stem cell

STATSB: Signal transducers and activators of transcription 5B
Thl: T helper type 1

THC: Tetrahydrocannabinol

MT1: Melatonin receptor 1

MT?2: Melatonin receptor 2

VFM: "Venus flytrap" module

VGCCs: Voltage gated Ca®* channels

VTA: Ventral tegmental area

0-OR: Delta opioid receptor

K-OR: Kappa opioid receptor

u-OR: Mu opioid receptor

1 Introduction

There are >800 human GPCRs. Around half of them (~400) have sensory functions mediating
olfaction, taste, light perception, and pheromone signalling. The remaining GPCRs (~370) are non-
sensory, of which >90% are expressed in the nervous system, and respond to hormones and
neurotransmitters, regulating many physiological processes, such as synapse function, brain
metabolism, pain perception, mood, behaviour, memory, and learning, immune response,
neuroprotection, mechanosensation, myelination, cell differentiation, cell migration, nervous system

development, axon guidance, dendritogenesis, and vascularization.

The dysfunction of GPCRs in the nervous system has been linked to many neurological deficits,
including neurodegeneration, psychiatric disorders, epilepsy, cancer, and addiction (Wacker et al.,
2017). The development of GPCR-based drugs, modulating canonical and noncanonical GPCR
signalling, for treating neurological disorders is increasing as human GPCRs are the most common
target for therapeutic drugs. In 2017 it was accounted that ~34% of all FDA-approved drugs are
GPCR-based drugs, acting as antagonists or agonists of different GPCRs (Hauser et al., 2017).
Moreover, many GPCR-based drugs are currently in clinical trials (Shimada et al., 2019). As new
functions for GPCRs are discovered, particularly for the ~100 orphan GPCRs (oGPCRs; Watkins
and Orlandi, 2021) for which endogenous ligands and their role in the cellular processes are currently
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unknown, the number of drugs targeting GPCRs is expected to increase. Resolving the GPCR
structures and development of novel GPCR ligands is essential to further understand the role of

individual GPCR types in the nervous system function and beyond.

This review will first discuss the general structural and signalling characteristics of the GPCR families
commonly found in the nervous system. We will then focus on the nervous system GPCRs involved
in regulating tripartite synapse function and brain and systemic energy metabolism. We will also
discuss the (patho)physiology and pharmacology of opioid, cannabinoid, muscarinic acetylcholine,
chemokine, and melatonin receptors. These receptors have been shown to play a role in many nervous
system deficits and are important drug targets. In addition, we will discuss adhesion GPCRs and their
emerging role in the nervous system function. Finally, we will address orphan GPCRs (0GPCRs) in
the nervous system function and disease with the remaining challenges in structural biology that need
to be addressed in the future to deorphanize oGPCRs and to fully understand the molecular

mechanisms underlying the (patho)physiology of GPCRs in the nervous system.

2  GPCR Structure and Signalling Pathways

GPCRs can transduce a signal across the cell membrane due to their ability to change conformation.
Binding of ligands to the extracellular side of the GPCRs promotes conformational changes in the
GPCRs allowing attachment of G proteins, arrestins, and other signalling proteins to the intracellular
side of a GPCR and signal transduction. GPCRs generally consist of a conserved heptahelical
transmembrane domain (7TMD), an N-terminal extracellular (ECD) and a C-terminal intracellular
domain (ICD). 7TM helices span the cell membrane and are connected by alternating three
intracellular (ICL1-3) and three extracellular loops (ECLI1-3). The ligand-binding site (“binding
pocket”) is usually located within the transmembrane region, which also plays a critical role in
mediating a GPCR’s interactions with its intracellular binding partners, such as G proteins and

arrestins (Wacker et al., 2017).

GPCRs can be classified into six main families based on their sequence similarities: class A
(rhodopsin-like), B (secretin (B1) and adhesion (B2)), C (metabotropic glutamate/pheromone), D
(fungal mating pheromone), E (¢cAMP), and F (frizzled/smoothened) families. GPCRs of classes A,
B, and C are the most common in the nervous system. They share the same 7TM helix structure but
differ in their ECDs, ICDs, and activation mechanisms. These structural differences contribute to the

specific ligand recognition and signalling properties of each GPCR class.



Class A GPCRs (rhodopsin-like receptors) are the most abundant and diverse group, accounting for
~80% of all GPCRs, which includes hormone, neurotransmitter, and light receptors. Class A GPCRs
exhibit the most typical GPCR structure, characterised by an extracellular N-terminus, followed by

7TMDs and an intracellular C-terminus.

In contrast to the class A GPCR family, class Bl GPCRs (secretin-like receptors) are defined by a
large, glycosylated N-terminal ECD. The native ligands of class Bl GPCRs are long peptide
hormones (e.g., glucagon-like peptide 1 (GLP-1)) with specific functional sites at the two termini. The
C-terminal part of the peptide ligand forms high-affinity interactions with the ECD and drives
receptor binding, while the N-terminal part of the peptide interacts with the 7TMD and triggers
receptor activation (“two-domain binding model”), often involving proteolytic cleavage of the
receptor's N-terminus (Cong et al., 2022; de Graaf et al., 2017). Class B2 GPCRs (adhesion GPCRs
(aGPCRys)) are distinguished not only by their large ECDs that contain a wide variety of adhesive
subdomains but also by the highly conserved GPCR autoproteolysis—inducing (GAIN) domain. In
most aGPCRs, the GAIN domain constitutively self-cleaves the receptors into two fragments
(holoreceptor form). Dissociation of the two fragments stimulates the G protein signalling through

the action of the tethered-peptide agonist occluded within the GAIN domain (Vizurraga et al, 2020).

Class C GPCRs (metabotropic glutamate/pheromone receptors) have a huge N-terminal ECD that
contains the ligand-binding site. It consists of a cysteine-rich region and a "Venus flytrap" module
(VFM) with two lobes (lobe 1 and lobe 2) separated by a cleft as an orthosteric site and undergoes
conformational changes upon ligand binding. The 7TMD in class C GPCRs only have allosteric sites.
The other unique characteristic of class C GPCRs is their mandatory dimerization, either as

homodimers or heterodimers (Chun et al., 2012).

GPCRs transduce extracellular signals into intracellular signals by coupling to heterotrimeric G
proteins and arrestins. According to the G protein, they either activate or inhibit the downstream
signal transduction pathway. G proteins are heterotrimeric proteins composed of a, B, and y subunits
bound to the guanine nucleotide. The o subunit is classified into four distinct families: Gos, Gaiio,
Gag11, and Gaiz/13. Most GPCRs can activate more than one a subunit but show greater affinity for
one o subunit. Since B and y subunits are closely interacting, they can be described as a whole

functional By unit (Odoemelam et al., 2020).



The activity of G proteins is regulated by guanosine triphosphate (GTP) and its inactive form,
guanosine diphosphate (GDP). At rest, the inactive o subunit remains bound to GDP, but the
conformational changes that occur upon agonist binding increase the affinity of the receptors for G
proteins, resulting in G protein binding. As a result of this binding, GDP is released from the a
subunit. The o subunit has a conserved GTPase region in all GPCRs and a unique helix region. This
GTPase domain hydrolyses GTP, creating a binding surface for By dimers, GPCRs, and effector
proteins (Calebiro et al., 2021)

GTP-bound a subunits and By dimers regulate the activities of specific effectors. The effector of Gas
and Gaiy, is the adenylate cyclase (AC), which converts ATP to cyclic adenosine monophosphate
(cAMP). On the other hand, Gag/1 cleaves membrane-bound phosphatidylinositol 4,5-bishosphate
(PIP2), inositol (1,4,5) triphosphate (IP3), and diacylglycerol (DAG) using phospholipase C-$ (PLC-
B) as an effector. This pathway causes an increase in intracellular Ca?" levels. Gaizis effectors are
RhoGEF proteins. B-arrestins are ubiquitously expressed and categorised as visual (arrestinl and 4)
and non-visual (arrestin2 and 3) cytosolic adaptor proteins. They were initially discovered due to
desensitisation and internalisation in GPCR signalling. They can cause internalisation by clathrin-
coated pits after dephosphorylation of the receptor and recycling or lysosomal degradation (Jean-
Charles et al.,, 2017). Furthermore, the binding of B-arrestins to GPCRs can activate signal
transduction pathway independent of G protein signalling by scaffolding mitogen-activated protein
kinase (MAPK) and extracellular signal-regulated kinase (ERK)) signalling cascade (Jain et al.,
2018).

3 GPCRs in the Nervous System (Patho)Physiology
3.1 GPCRs in the Tripartite Synapse Function

Tripartite synapse represents a functional unit within the CNS where bidirectional communication
between pre- and postsynaptic neurons and astrocytes takes place, a process crucial for the regulation
of synaptic activity. The concept was first demonstrated in glutamatergic neurotransmission, which
involves ionotropic (N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA) receptors) and metabotropic glutamate receptors (mGluRs; Araque et al.,
1999). Since then, several other GPCRs have been identified to modulate the function of the tripartite
synapse, including metabotropic y-aminobutyric acid (GABA), serotonin, purinergic, dopamine,

opioid (section 3.3), and cannabinoid receptors (section 3.4).



3.1.1 Metabotropic Glutamate Receptors (mGluRs)

mGluRs are class C GPCRs divided into three groups: stimulatory group I (mGluR; and mGluRs5),
coupled to Gagq proteins, and inhibitory groups II (mGluR> and mGluR3) and I (mGluR4, mGluRs,
mGluR7, and mGluRg) coupled to Gaiy, proteins (Table 1). Except for mGluRs, they are abundantly
expressed in neuronal and glial cells throughout the brain. The endogenous mGluR ligand is
glutamate, the primary excitatory brain neurotransmitter, whose precursor, glutamine, is produced

exclusively in astrocytes (Huang & Thathiah, 2015).

Increased activity of glutamatergic neurons activates astroglial mGluRs, resulting in Ca?*-dependent
glutamate release from astrocytes and feedback regulation of synaptic activity (Araque et al., 1999).
Astrocytic glutamate activates presynaptic neuronal mGluR;s and Ca**-signals causing short-term
potentiation of neurotransmitter release at hippocampal synapses, increasing synaptic strength. This
transient potentiation of glutamate release, coupled with postsynaptic depolarization can cause long-
term effects on synaptic transmission (Perea & Araque, 2007). In contrast, activation of presynaptic
group II and III mGluRs by astroglial-derived glutamate causes heterosynaptic depression
(Andersson et al., 2007), likely resulting in reduced neurotransmitter release and a negative effect on
synaptic strength. The mGluR-mediated effects of glutamate on synaptic activity are achieved largely

by modulation of ion channels (Reiner & Levitz, 2018).

3.1.2 y-Aminobutyric Acid B Receptors (GABAgRS)

GABA B receptors (GABAgRSs) are class C GPCRs. Two subtypes of GABAgRs exist in the nervous
system: GABABg: and GABAR: receptors. They are enriched in cortical, hippocampal, and cerebellar
brain regions. GABAgRs are functional only after heterodimerization of both subtypes. They are
coupled to Gai/, proteins (Table 1) and exhibit inhibitory effects on neurotransmission (Huang &
Thathiah, 2015). The endogenous ligand GABA, the principal inhibitory brain neurotransmitter, is
produced in GABAergic interneurons from astrocyte-derived glutamine or released by astrocytes.
The GABAergic system allows precise control of the excitatory level of neuronal networks.
Astrocyte-derived GABA acting on GABAgRs in GABAergic interneurons has a disinhibitory effect
on hippocampal excitatory synapses of dentate granule neurons (Yarishkin et al., 2015). Stimulation
of GABAergic interneurons can also trigger GABAgR-dependent Ca?" increase and glutamate release
from astrocytes, resulting in enhanced mGluR;-dependent excitatory glutamatergic

neurotransmission (Perea et al., 2016). In this way, astrocytes can convert inhibitory signals into



excitatory ones, adding another layer of complexity to understanding the physiology of brain

excitability.
3.1.3 Serotonin or 5-hydroxytryptamine Receptors (5-HTRs)

The majority (13 of 14) of serotonin or 5-hydroxytryptamine (5-HT) receptor (5-HTRs) subtypes are
class A/19 rhodopsin-like GPCRs. They are classified into six types: 5-HT1, 5-HT>, 5-HT4, 5-HTs, 5-
HTs and 5-HT7 receptors. Endogenous ligand serotonin is produced by serotonergic neurons,
originating mainly in the raphe nuclei, which innervate virtually all brain regions. 5-HTRs are mostly
postsynaptic and possess differential (even opposing) effects on neurotransmission. Depending on

the subtype, 5-HTRs are coupled to Gag, Gos or Gai/, proteins (Table 1) (Celada et al., 2013).

The most prevalent and researched are 5-HT1a and 5-HT2a receptors which exert homeostatic control
over serotonergic neuron firing rates controlling serotonin efflux (Celada et al., 2013). However,
much less is known about the neuron-glia relationship within the serotonergic system. A recent study
by (Miiller et al., 2021) showed that astroglial 5-HT4R-RhoA signalling regulates cell morphology,
leading to changes in glutamatergic neurotransmission, which presents a novel functional regulation

of excitatory synapses.

3.1.4 Metabotropic Purinergic Receptors

Purinergic signalling in the nervous system is mediated by two subtypes of purinergic receptors: P1
and P2 purinergic receptors that bind adenosine or ATP/ADP/AMP, respectively. P2 receptors are
further divided into ionotropic P2X and metabotropic P2Y receptors. ATP in the nervous system can
act as an energy substrate and a signalling molecule released from neurons and neuroglia to the
extracellular space with Ca?*-regulated exocytosis or via hemichannels, ABC transporters, maxi-ion
channels, and P2X7 receptors. When released, ATP is rapidly degraded by extracellular
ectonucleotidases to ADP, AMP, and adenosine, which act as purinergic agonists and can have
opposite effects on target cells (Abbracchio et al., 2009; Burnstock, 2006; Burnstock, 2018). We will

only discuss the role of metabotropic P1 and P2Y GPCRs in synaptic transmission.
P1 (Adenosine) Purinergic Receptors

Purinergic P1 receptors, also named adenosine receptors (ARs), are class A/18 rhodopsin-like GPCRs
with four subtypes (A1, A2a, Aog, and A3). All subtypes of ARs are expressed in the nervous tissue,
both in neurons and glia (astrocytes, microglia, oligodendrocytes) (Abbracchio et al., 2009;

Verkhratsky & Nedergaard, 2018) and respond to adenosine (Boison, 2007). AR subtypes can form
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heteromers and oligomerize with other GPCRs. A1Rs and A3Rs are coupled to Gai/, proteins, whereas
A2aRs and AzgRs are coupled to Gas proteins. ARs can also regulate PLC and IP3 production and
MAPK signalling pathway (Table 1) (Abbracchio et al., 2009; Verkhratsky & Nedergaard, 2018).

A1aRs and AzaRs are the main brain ARs, while A2gRs and A3aRs are expressed at low levels. Ai1aR
is abundantly expressed in the cortex, hippocampus, and cerebellum, while A>4R is found in the
striatum and olfactory bulb. Both AiRs and A2aRs are located in the synapse, mainly in excitatory
(glutamatergic). Activating A1Rs by astrocytic adenosine inhibits excitatory transmission, while
AxaRs facilitate excitatory transmission (Kofuji & Araque, 2021). Adenosine via A1Rs reduces 1)
presynaptic Ca®" influx and glutamate release, ii) activation of postsynaptic ionotropic glutamate
receptors, and voltage-sensitive Ca?* channels, and iii) hyperpolarizing dendrites via regulation of K*
channels. In contrast, A2aR enhances the evoked presynaptic glutamate release and the function of
postsynaptic ionotropic glutamate receptors. AxaR activation also decreases the efficiency of
presynaptic AjR- and CB1R-mediated inhibitory systems, switching presynaptic modulation from
inhibitory to facilitatory. A2aR located in astrocytes and microglia regulates glial Na*/K*-ATPase,
glutamate uptake, and proinflammatory cytokine production, which may contribute to the AzaR-
mediated control of synaptic plasticity (reviewed in (Abbracchio et al., 2009; Cunha, 2016;
Verkhratsky & Nedergaard, 2018)).

P2Y Receptors

Depending on the subtype, P2Y receptors belong to the class A/11 and A/12 rhodopsin-like GPCRs.
They are divided into 8 subtypes grouped into P2Y-like receptors (P2Y12.46,11) and P2Y»-like
receptor (P2Y 12-14) with different sensitivity to ATP, ADP, UTP/ATP, UDP, or UDP-glucose. P2Y -
like receptors are preferentially coupled to Gag proteins, while P2Y 12-like receptors couple to the
Ga; proteins (Table 1; Abbracchio et al., 2009). They can form homodimers or heterodimers with
other P2Y receptors or GPCRs (e.g., AiR).

P2Y receptors are expressed on neurons and glia (astrocytes, oligodendrocytes, microglia) (Guzman
& Gerevich, 2016; Kofuji & Araque, 2021). They inhibit the presynaptic release of neurotransmitters.
For example, P2Y4 receptors inhibit GABA release from basket cells on Purkinje cells in the
cerebellum. In the spinal cord, hippocampus, and cortex, noradrenaline release is blocked by
activation of P2Yi, P2Y 12, and P2Y 3 receptors. Moreover, in the cortex P2Y receptor activation

decreases serotonin release. This inhibitory action of P2Y receptors has been linked to their inhibitory
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effect on various types of presynaptic voltage-gated Ca?" channels (VACCs) via GBy subunit
(Guzman & Gerevich, 2016).

P2Y receptors can also modulate postsynaptic signalling. P2Y was shown to inhibit the action of
postsynaptic ionotropic glutamate NMDA receptors, while P2Y4 was shown to enhance their activity.
P2Y also increases the sensitivity of GABAAx receptors and enhances inhibitory transmission through
GABAA receptors. Moreover, ionotropic P2X receptors are inhibited by P2Y; receptors. P2Y
receptors were also linked to postsynaptic inhibition of L-type VACCs, voltage-gated potassium
KCNQ2/3 channels, and modulation of G protein-coupled inwardly rectifying potassium
(GIRK1,2,4) channels. The latter can be activated or inhibited by P2Y receptors, depending on the
P2Y receptor subtype (Guzman & Gerevich, 2016).

Activation of astrocytic P2Y receptors causes Ca?" elevations in the hippocampal, olfactory bulb,
and nucleus accumbens (NAc) astrocytes. This can trigger intercellular Ca?" waves in the astrocytic
network and Ca*'-dependent glutamate release from astrocytes. Glutamate then postsynaptically
activates extrasynaptic NMDA receptors generating slow inward currents that increase neuronal
excitability and/or presynaptic NMDA receptors and NMDA receptor-dependent synaptic
potentiation. Astrocytic P2Y receptor activation also triggers activation of neuronal mGluRs and

P2X receptors, increasing neuronal excitability (Kofuji & Araque, 2021).

3.1.5 Dopamine receptors

Dopamine receptors (DRs) are class A GPCRs abundantly expressed in the nervous system. They are
divided into i) DR-like 1 family (DR and DsR receptors), which is coupled to Gos signalling and ii)
DR-like 2 family (D2R, D3R, and D4R receptors), which is coupled to Gai, signalling (Table 1)
(Beaulieu & Gainetdinov, 2011). Dopamine can trigger intracellular Ca* elevations in hippocampal
astrocytes via D1R activation in situ (Jennings et al., 2017). This has been confirmed also at the level
of a tripartite synapse. Namely, it has been shown that synaptically-released dopamine through
activation of astrocytic DiRs and signalling cascade involving IP3 triggers intracellular Ca?*
mobilisation in astrocytes of the NAc in sifu and in vivo. The latter depresses synapse function, most
likely by subsequent Ca?*-triggered astrocytic ATP/adenosine release and activation of presynaptic
adenosine AiRs. This contrasts the view that receptors from the DiR-like family are only coupled to
Gos proteins and cAMP production (Corkrum et al., 2020). In contrast, activation of D2Rs in

astrocytes can decrease intracellular Ca?" levels, which has been linked to the suppression of af-
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crystallin-mediated neuroinflammation in vivo (Kofuji & Araque, 2021). The role of astroglial DR

activation at the level of neuron-glia communication is not yet clear.

3.2 Nervous System GPCRs in the Regulation of Brain and Systemic Energy
Metabolism

Although it represents only 2% of the body mass, the brain consumes 20-25% of the body's energy
to maintain its normal function. It requires large amounts of energy to restore neuronal ion gradients
and sustain synaptic transmission and neurotransmitter uptake and recycling (Sokoloff, 1960). To
preserve its normal function during increased neuronal activity, the delivery of nutrients from the
bloodstream and the brain energy metabolism must be tightly regulated at different levels involving
various GPCRs on the surface of neurons, glial, and endothelial cells. Moreover, nervous system

GPCRs were also linked to the regulation of systemic energy metabolism.

3.2.1 Adrenergic Receptors

Adrenergic receptors belong to the class A/17 rhodopsin-like GPCR family (Wu, Zeng, & Zhao,
2021). There are three types of adrenergic receptors, further subdivided into nine subtypes: ai- (a4,
aB, 0D), O2- (024, 02B, O2c), and B-adrenergic receptors (Bi, P2, B3). Upon binding of endogenous
ligands (noradrenaline/adrenaline), each of these types preferentially couples to a different G protein

type (Table 1), resulting in distinct physiological effects (Pupo & Minneman, 2001).

All types of adrenergic receptors are expressed in the brain (Hertz et al., 2010). Stress response release
of neuromodulator noradrenaline from the /ocus coeruleus (LC) noradrenergic neurons, which among
others, activates memory formation and learning, results in the activation of brain metabolism
(O'Donnell et al., 2012). Astrocytes rich in adrenergic receptors are key brain cells maintaining brain
metabolic homeostasis. ai- and B-adrenergic receptor-mediated Ca** and cAMP signalling (Horvat et
al., 2016) facilitate glucose uptake, glycogenolysis, and aerobic glycolysis with L-lactate production
in astrocytes (Fink et al., 2021; Horvat et al., 2021a). L-lactate is released from astrocytes and may
enter hyperactive neurons during stress response via lactate transporters or channels, where it is
oxidised in mitochondria and used as a metabolic fuel. Astrocyte-neuron lactate shuttle was shown to
be crucial for memory formation and learning (Magistretti & Allaman, 2018). Extracellular lactate
can also act as a signalling molecule, activating brain L-lactate-sensitive receptors (Horvat et al.,
2021b). Moreover, activation of B- and oz-adrenergic receptors also affects lipid metabolism,

particularly triggering lipid droplet (LD) accumulation in astrocytes. LDs and B-oxidation of free fatty
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acids can support astroglial energy needs to spare glucose for neurons and may even have

neuroprotective effects preventing lipotoxicity during stress (Smoli¢ et al., 2021).

3.2.2 L-Lactate-sensitive Receptors

L-lactate-sensitive receptors (LLRs) were recently identified, and their physiological functions
remain understudied. Among these, the Goi, protein coupled hydroxy-carboxylic acid receptor 1
(HCAR1), previously known as GPR81, was the first GPCR described to bind L-lactate (Liu et al.,
2009). HCARLI is a class A/11 rhodopsin-like GPCR. Activation of HCAR1 downregulates cAMP
production in brain tissue slices (Lauritzen et al., 2014) and inhibits neuronal activity (Vaccari-

Cardoso et al., 2022).

Besides Gai,o-coupled HCARI, two Gos-coupled LLRs are expressed in neurons: olfactory receptor
Olfr78 (Conzelmann et al., 2000) and GPR4 (Hosford et al., 2018), which are type A/unclassified and
A/15 rhodopsin-like GPCRs, respectively (Table 1). Moreover, LC neurons and cortical astrocytes
likely express other, yet uncharacterized, Gos coupled LLR(s) (Table 1) (Horvat et al., 2021b). In LC
neurons, acute stimulation with L-lactate triggers cAMP-dependent noradrenaline release (Tang et
al., 2014), whereas in astrocytes, it upregulates aerobic glycolysis with L-lactate production
(D'Adamo et al., 2021; Vardjan et al., 2018), suggesting an autocrine regulation of astroglial L-lactate
production (metabolic excitability). Moreover, chronic L-lactate exposure facilitates astroglial lipid
metabolism, manifested as LD accumulation (Smoli¢ et al., 2021), likely via a Gas coupled receptor-
mediated mechanism. As relatively high L-lactate levels are required to facilitate astroglial
metabolism, LLR-mediated signalling in astrocytes may be particularly relevant in brain pathologies

and putative L-lactate microdomains.

3.2.3 GLP-1 Receptor

The glucagon-like peptide-1 (GLP-1) receptor (GLP-1R) belongs to the class B (secretin) family of
GPCRs and is part of the glucagon receptor subfamily and is coupled to Go, protein (Table 1) (Zhang
etal., 2017).

Although GLP-1R is best known for its role in the regulation of glucose metabolism in the periphery,
it is found expressed in key brain regions controlling energy balance, including the hypothalamus,
brainstem, and nuclei in the mesolimbic reward system, including ventral tegmental area (VTA) and
NAc. Activation of GLP-IR in those brain regions modulates neuronal electrophysiological

properties and suppresses feeding behaviours (food intake) (Chen et al., 2021; Trapp & Brierley,
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2022). Not only neurons but also astrocytes within different brain regions express GLP-1R. Astrocytic
GLP-1R signalling decreases glucose uptake and glycolytic capacity but facilitates mitochondrial 3-
oxidation of fatty acids in astrocytes and maintains mitochondrial integrity. Moreover, in animals
with deficient astrocyte-specific GLP-1R signalling, brain glucose availability, and memory
formation are enhanced, and systemic glucose metabolism is improved (Reiner et al., 2016; Timper
et al., 2020), indicating that brain GLP-1R is involved in the regulation of local and systemic energy

metabolism.

3.3 Opioid Receptors

Opioid receptors (ORs) are class A/4 rhodopsin-like GPCRs expressed throughout the mammalian
nervous system on neurons and glial cells. They are divided into three main subtypes: mu (nu-OR or
MOR), delta (6-OR or DOR), and kappa (k-OR or KOR), which preferentially bind the endogenous
opioid peptides (opioids) B-endorphin, enkephalins, and dynorphins, respectively. Both the ORs and
their endogenous peptide ligands have preferential anatomical distributions in the brain, which
associate with specific physiological roles (Valentino & Volkow, 2018). ORs couple to pertussis toxin
sensitive and insensitive G proteins to inhibit AC, regulate PLC, MAPK, and a variety of ion channels
(Table 1). Postsynaptically ORs trigger activation of GIRKSs, causing neuronal hyperpolarization,
thereby preventing neuronal excitation and/or propagation of action potentials. ORs also modulate
pre- and postsynaptic Ca?" channels (e.g., N-type VGCCs), suppressing the Ca*" influx and the
excitability of neurons and/or the secretion of pronociceptive neuropeptides. Moreover, the
recruitment of B-arrestin and OR interaction with other proteins triggers G protein-independent
signalling to regulate processes related to pain perception, tolerance, dependence, stress responses,

mood, and affect (Georgoussi et al., 2012, Valentino &Volkow, 2018).

(Patho)physiology and Pharmacology of Opioid Receptors

Analgesic Effects and Respiratory Depression

Activation of the u-ORs in the midbrain triggers analgesic effects by reducing the transmission of
nociceptive signals from peripheral nerves (Pathan & Williams, 2012). However, using OR ligands
can also cause severe side effects, including respiratory depression. The potent u-OR agonist fentanyl
has high addictive potential and was linked to numerous overdose deaths due to respiratory
depression. In contrast, its fluorinated derivative NFEPP (N-(3-fluoro-1-phenetylpiperidin-4-yl)-N-
phenylpropionamide) is of significant therapeutic interest, being less toxic (Spahn et al., 2017) and

whose usage does not associate with respiratory depression (Jiménez-Vargas et al., 2021). The
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reduced toxicity of NFEPP is due to its reduced pKa value. NFEPP binds preferentially to u-ORs at
acidic pH typical of inflammation associated with pain (del Vecchio et al., 2017). The fact that
fentanyl and NFEPP also have distinct intrinsic torsional dynamics (Giannos et al., 2021) suggests

specific interactions of both ligands with p-OR that are poorly characterised.

Besides acidic conditions, biased agonism is a central topic in u-OR drug discovery. u-ORs signal
through either G;j protein or B-arrestin2. Adverse effects of morphine, a p-OR agonist, were associated
with the B-arrestin2 pathway and not G; protein signalling, consequently, significant drug discovery
efforts have been made to find biased agonists toward the Gj protein signalling pathway (Qu et al.,
2022). However, showing the complexity of p-OR signalling, a new hypothesis has recently emerged
proposing that partial agonism and not ligand bias explain the separation of antinociception from
respiratory depression (Gillis et al., 2020). Mathematical models that integrate observations from
experiments and computation are crucial to tackling some of the complexity of the opioid system and
may help unify the conflicting views on the molecular mechanisms of opioid-associated respiratory

depression (Burguetio et al., 2017).

Addiction

Recent data also reveal that dual-target p-OR/3-OR ligands exhibit an improved antinociceptive
profile associated with a reduced tolerance-inducing capability. The benzomorphan-based
compounds LP1 and LP2 belong to this dual class of OR ligands (Pasquinucci et al., 2021). The
addiction potential of opioid ligands is linked to the activation of the p-ORs, which can be explained
by the expression of p-OR in brain structures involved in the processing of drug reinforcement
reward, and threat (Le Merrer et al., 2009; Meier et al., 2021). The response to reward and threat is
complex, as it is modulated by the k-OR and 3-OR (Valentino & Volkow, 2018) and other

neurotransmitter systems (Meier et al., 2021).

(Eating) Behavior

Opioid agonists can increase food intake, whereas naloxone, a universal opioid antagonist, reduces
the intake of food and the intake of high-sucrose solutions in animal behavioural studies, suggesting
an involvement of the opioid reward system (King et al., 1979; Cleary et al., 1996). In morbidly obese
patients, a high body mass index (BMI) is associated with low availability of the u-OR in areas related
to reward processing (Karlsson et al., 2015). Important questions remain about the neurobiological
mechanisms by which opioids influence food intake and side effects, and the effectiveness of opioids
for long-term body-weight control. A therapy that combines the opioid antagonist naltrexone with the

antidepressant bupropion appeared promising in recent phase III clinical trials for long-term weight
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loss (le Roux et al., 2022). k-OR antagonists such as nor-BNI exert anxiolytic effects, possibly
through autophagy regulation (Karoussiotis et al., 2022) as well, aticaprant is of direct interest in
tackling anxiety disorders, which is in phase I clinical trials

(https://clinicaltrials.gov/ct2/show/NCT05455684).

Ischemia

The density of the 3-OR decreases rapidly during the acute phase of ischemia (Boutin et al., 1999). It
has been shown that 3-OR activation is associated, e.g., with a reversal of ischemia-induced reduction
of the cell signalling pathway (Sheng et al., 2018), and that 6-OR activation enhances neuronal cell
survival by limiting apoptosis due to cellular ischemic death. At the same time,
intracerebroventricular administration of 6-OR agonists increases cell proliferation and neural
differentiation in the hippocampus leading to memory-enhancing changes in ischemic animal models
(Wang et al., 2016). In this respect, 5-OR agonists exert a neuroprotective role via a signalling
complex composed of Gai, signal transducers and activators of transcription SB (STATS5B), and the
regulator of G protein signalling 4 (RGS4) protein (Georganta et al., 2013; Pallaki et al., 2017). Based
on this knowledge, it should be possible to verify specific hypotheses as to which signal supports
desired or undesired side effects and contributes to the rational design of more effective drugs for

therapeutic use.
3.4 Cannabinoid Receptors

Cannabinoid receptors (CBR) are class A/13 rhodopsin-like GPCRs and belong together with
endogenous ligands like 2-arachidonylglycerol (2-AG) and anandamide (AEA) to the
endocannabinoid system (ECS). Two types of CBR have been described, CBR type 1 (CB1R) and 2
(CB2R). CBiR and CB:2R were initially described to couple to Gai/ signalling and inhibition of AC
activity and cAMP production or activation of MAPK pathway. For CBiR, but not CB2R, an
inhibition of P/Q-type VGCC and activation of GIRKSs via the Gy pathway has also been described.
Under certain conditions or in some cells, CB1R can also couple to Gas and Gog-dependent signalling
and upregulation of cAMP and Ca?" signals, respectively (Ibsen et al., 2017) (Table 1). Pioneer
structures revealed for the CB1R (PDB:5XRA) a double toggle switch during activation (Hua et al.,
2017). The toggle switch residue in CB2R structure (PDB:5Z77) forms interactions with antagonists
(MRI2687 and AM10257), stabilizing the receptor in the inactive state (Li et al., 2019). The V-shaped
loop of the CB1R N-terminus inserts extracellularly into the ligand-binding region and acts as a plug
(Hua et al., 2017), and the N-terminal domain of CB;R forms a short helix over the orthosteric pocket

without directly participating in antagonist binding (Li et al., 2019). Interestingly, similarities were
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found between the agonist-bound motif in CBR and the antagonist AM10257-bound CB2R structure
and vice versa (Li et al., 2019). Notable differences in G protein binding between CB1R and CB:2R
(PDB: 6PT0) suggest that the activation mechanisms differ (Xing et al., 2020). Lipophilic CB2R
agonists enter the membrane via a membrane channel within the CB2R structure (e.g. PDB:8GUQ)

(Li et al., 2023). The knowledge of these structures is essential for drug-targeting approaches.
(Patho)physiology of Cannabinoid Receptors

Cannabis-plant-derived tetrahydrocannabinol (THC) activates both CBRs. It induces psychoactive
functions via the CB1R, which is highly expressed and predominantly localised presynaptically in
excitatory and inhibitory neurons and glial cells in various brain regions (Cristino et al., 2020). CBiR
suppresses neurotransmitter release and functions in long-term depression and potentiation (Castillo,
2012). Postsynaptically, CBiR inhibits electron transport in mitochondria and affects memory and
brain metabolism (Cristino et al., 2020). Astrocytic CB1Rs respond to cannabinoids with intracellular
Ca?" increase and subsequent glutamate release from astrocytes stimulating neuronal synaptic
transmission and plasticity (Navarrete et al., 2014). CB:R, expressed on microglia, acts
immunomodulatory and inhibits the release of pro-inflammatory cytokines in neurodegenerative
diseases. Tools with low selectivity led to inconsistent data on CB2R expression in healthy neurons

(Cristino et al., 2020).
Epilepsy and Dravet Syndrome

Preclinical mouse models of epilepsy revealed anti-epileptogenic effects of CB1R and CB2R agonists
and the CB1R negative allosteric modulator cannabidiol (CBD) (Cristino et al., 2020), whereas pro-
epileptogenic effects of CBiR and CB2R blockers had been described (Cristino et al., 2020). These
data led to a series of placebo-controlled clinical trials to test the efficacy of CBD, showing a
reduction in seizure frequency in patients with epileptic rare genetic disorders such as Dravet
syndrome (Devinsky et al., 2017), Lennox-Gastaut syndrome and tuberous sclerosis complex-
associated disorders (Thiele et al., 2021). Since 2018, the FDA has approved CBD (Epidiolex) for

treating rare, severe forms of epilepsy.
Mental Disorders

Brain regions such as the amygdala, prefrontal cortex, and hippocampus express the CBR and are
i.a. involved in controlling emotions and behaviour. Thus, activation and blockade of the CBiR in

mice affect mental conditions such as anxiety, depression, and stress (Estrada & Contreras, 2020).
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Recently, a systematic review and meta-analysis of patients treated with medicinal cannabinoids
reported no improvement in primary outcomes in depression or post-traumatic stress disorders and

insufficient evidence for improvement in anxiety symptoms (Black et al., 2019).
Eating Disorders

In 2008, the CBR antagonist rimonabant, approved for treating obesity, was withdrawn from the
market due to its adverse side effects associated with depression and anxiety. However, cell type-
specific CB1R knockouts revealed that hypothalamic CBiR activation in pro-opio-melanocortin
(Koch et al., 2015) and at cortical glutamatergic neurons increases and forebrain GABAergic neurons

decrease food intake (Bellocchio et al., 2010).
Neuroinflammation, Pain, and Neurodegeneration

Different roles of CBRs in the brain have been identified in neuropathic pain, neuro-inflammation,
and neurodegenerative diseases such as Parkinson’s disease (PD), Huntington’s disease, Alzheimer’s
disease, amyotrophic lateral sclerosis, and multiple sclerosis using animal models and human studies
as well (Ferrisi et al., 2021). Studies have shown the relevance of CB1R and CB2R in neuroprotective
therapies in in vivo HD models (Lastres-Becker et al., 2004). Further investigations revealed a role
of CBIR in reducing motor inhibition typical of PD patients, while CB2R is mainly involved in
homeostasis and survival in animal models of PD (Bisogno et al., 2016). In response to
neuropathological conditions, CB2R signalling can modulate the shift from neuroinflammatory (M1-
type) genes to neuroprotective (M2-type) and homeostatic (MO-type) genes (Ferrisi et al., 2021). The
regulatory role of CB2R rather than CB1R in the brain reduces the immune response to prevent over-

inflammation through neuro-immune mechanisms (Ferrisi et al., 2021).

Moreover, CB;R-mediated anti-inflammatory effects of its natural agonist (—)-B-caryophyllene
(BCP) showed beneficial effects in inflammatory and neuropathic pain in animal models. Attention
has recently been paid to a new category of so-called peptide (hemopressin family) CB ligands
(Ferrisi et al., 2021).

3.5 Muscarinic Acetylcholine Receptors

Muscarinic acetylcholine receptors (mAChRs) are class A/18 rhodopsin-like GPCRs comprising five
subtypes (M1-M5) with different G protein-coupling preferences (Table 1) (Felder, 1995). Except
for the M3, mAChRs are expressed throughout the brain and are involved in key functions of the
CNS.
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The M1-mAChR, the most predominant subtype in the CNS, is critical for cognition and locomotion
control and has long been a validated drug target for treating cognitive dysfunction, especially in AD
(Scarpa, Hesse, & Bradley, 2020). M1-mAChR signalling exerts inherent neuroprotective effects in
mice (Scarpa et al., 2021), and M1-selective agonists (PAMs) were shown to reduce pathology in AD
animal models (Lebois et al., 2017; Dwomoh et al., 2022).

M2-mAChRs were found to be significantly reduced in the anterior cingulate cortex of patients with
bipolar and major depressive disorders, suggesting the M2-mAChR is a potential drug target for the

treatment of such psychiatric conditions (Cannon et al., 2006).

The M4-mAChR is involved in emotional and social behaviour (Koshimizu et al., 2012). Clinical
trials of the M1/M4-preferring agonist xanomeline could improve cognitive impairments and
psychosis-like behaviour in schizophrenic patients (Shekhar et al., 2008) and, importantly, the
antipsychotic effects were proven to be primarily driven by the M4-mAChR (Woolley et al., 2009).
M4-selective PAMs could induce cognitive enhancement and anti-psychotic-like effects in rodent

models of schizophrenia, highlighting their promising therapeutic potential (Gould et al., 2018).

The M5-mAChHR is linked to drug abuse, as its expression was up-regulated in the brains of rats
following long-term alcohol consumption, and morphine-induced addiction (Basile et al., 2002). M5-
selective NAMs were shown to reduce alcohol self-administration in rats significantly (Walker et al.,
2021), supporting the potential of negatively modulating M5-mAChR signalling as a therapeutic

avenue for drug abuse.

3.6 Chemokine Receptors

Chemokines, also known as chemotactic cytokines, are small signaling proteins (7-12 kDa) that
control several processes, such as cell migration, proliferation, and differentiation (Thelen & Stein,
2008). They exert their biological effects by activating chemokine receptors, class A rhodopsin-like
GPCRs. Chemokines and their receptors are widely distributed in the CNS and are expressed in
neurons, glia (microglia, astrocytes, oligodendrocytes), and endothelial cells. They are involved in
many (patho)physiological brain functions, including synaptic transmission, neuron-glia

communication, and inflammation (Sowa & Tokarski, 2021)

Chemokine receptors are typically coupled to Gi proteins and inhibit AC activity and cAMP levels.
In contrast, some can couple to Gq protein and activate PLC, PKC, and Ca** signals. They can also
transduce their signals via distinct G proteins (Gou1 and Gauzsi3), B-arrestins, MAPK/ERK 1/2, Janus

kinases (JAKS), and nuclear factor kappa B (NF-kB). Chemokine receptors can form homodimers
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and heterodimers with other chemokine receptors or GPCRs (e.g., OR), thereby modifying ligand
binding properties or activating different signaling pathways (Dorsam & Gutkind, 2007) (Table 1).
Although some chemokine receptors bind only a unique chemokine, it is common that several
chemokines can interact with a particular receptor (Luster et al., 1995) and vice versa. Many
chemokines also bind to the atypical chemokine receptors (ACKR), which act mainly as scavenger
receptors. Opposite to classical chemokine GPCRs, ACKRs do not promote G protein-mediated
signaling upon ligand binding, while they preserve the capability to recruit f-arrestins and internalize
bound ligands (Bachelerie et al., 2014). While various chemokine receptors are expressed in the brain,
this review will only focus on CXCR3 and CXCR4, which belong to the CXC chemokine receptor
(CXCR) family.

CXCR3

CXCR3 is expressed on a wide variety of immune cells infiltrating the brain, such as interleukin (IL)-
2 activated T helper type 1 (Th1) cells, cytotoxic CD8" T cells, natural killer (NK) cells and dendritic
cells (DCs). It is also found in non-immune cells, particularly endothelial, epithelial, and smooth
muscle cells (Andrews & Cox, 2015; Groom & Luster, 2011a, 2011b; Zhu et al., 2015). The human
CXCR3 has three alternative splice variants: CXCR3-a, CXCR3-b, and CXCR3-alt, which differ in
their carboxy- or amino-terminal domains (Lasagni et al., 2003). CXCL9, CXCL10, and CXCLI11
activate CXCR3-a, whereas CXCR3-b interacts with an additional selective ligand, CXCL4 (Lasagni
et al., 2003). In addition to their varying affinities for the ligands, CXCR3-a and CXCR3-b have been
proposed to have distinct expressions and functions, leading to opposite cellular effects (Berchiche
& Sakmar, 2016). CXCR3-a is present in the fetal and mature brain (especially in glial cells (e.g.,
astrocytes), Purkinje cells of the cerebellum, endothelial cells of the choroid plexus) (Van Der Meer
et al.,, 2001). However, CXCR3-b is selectively present in endothelial cells such as the human
microvascular endothelial cells (HMEC-1) (Lasagni et al., 2003).

CXCR3-a isoform has been associated (with its cognate ligands) with various neurological disorders
(Dijkstra et al., 2004; Fife et al., 2001; Hamilton et al., 2002; Huang et al., 2000; Kivisakk et al.,
2002; Puetal., 2015; Rappert et al., 2004). CXCR3 and its ligand CXCL10 were shown to be crucial
for microglia activation and migration to the lesion site after brain injury (Rappert et al., 2004).
CXCR3 has been implicated in glioma development (Pu et al., 2015) and increased glioma cell
migration from the primary tumour site (Boye et al.,, 2017). It has also been reported that in
glioblastoma, CXCR3 signaling promotes the recruitment of specific brain resident memory T cells

to tumour sites (Zhao et al., 2023).
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CXCR4

CXCR4 is a critical regulator of cell migration in the context of immune surveillance and
development. Human CXCR4 has two variants, CXCR4-A and CXCR4-B, with CXCR4-B being the
more highly expressed (Kaiser et al., 2021). CXCR4 can couple to Gai, Gog, or Gai2/13, activating
various signalling pathways. This results in a complex signalling cascade involving, among others,
MAPK and PI3K pathways, which ends as promoting cell migration and/or activation of adhesion
molecules (Ye et al., 2021). Furthermore, CXCR4 can activate signalling independently of G protein
by recruiting JAK2/3 upon receptor activation and subsequent homodimerization. In addition,
CXCR4 recruits B-arrestin2 more efficiently than p-arrestinl following C-terminal phosphorylation
of the receptor upon activation (De Filippo & Rankin, 2018). As for other GPCRs, B-arresting
recruitment sterically blocks other signal transduction pathways of CXCR4 and promotes receptor
internalisation by facilitating the recruitment of clathrin. CXCR4 is one of the few chemokine
receptors that bind exclusively to one chemokine, CXCL12, also known as stromal cell-derived factor

1 (Bachelerie, 2014).

CXCR4 in the CNS is expressed in NPCs, whereas astrocytes express CXCL12 (Murray et al 2022).
CXCL12 has 6 functional transcripts variants in humans (CXCL12a, B, v, €, 6, and 0), with CXCL12y
having the lowest affinity for CXCR4 while CXCL12a has the highest affinity(). CXCR4 internalises
only after activation by CXCL12, and the internalised receptor subsequently degrades, leading to a
negative modulation of CXCR4 expression at the cell membrane. The binding between CXCR4 and
CXCLI12 is regulated by the scavenger activity of ACKR3, which binds CXCL12 most effectively
than CXCR4 (Huynh et al., 2020). Thus, ACKR3 actively maintains CXCL12 gradients, critical for
target cell migration (Huynh et al., 2020).

In the CNS, the CXCL12/CXCR4 axis has therapeutic potential in regeneration processes, inducing
homing by regulating cell secretion and adhesion molecules (Bianchi & Mezzapelle, 2020).
CXCL12/CXCR4 signalling influences stem cell migration from the bone marrow or niche to repair
damaged tissues. CXCL12 in the damaged tissue recruits stem cells and regulates their differentiation
to repair injuries in CNS. In the damaged CNS, CXCR4 in vitro activation promotes the
differentiation of human embryonic stem cells into neural stem cells (NSCs). Consequently can be
used for regenerative medicine in the future in damaged tissue in patients Depending on the CXCL12
concentration, CXCL12 can induce different cellular responses (e.g., activation, mobilisation,
homing, and retention). In CNS, CXCL12 at low concentrations promotes NPC migration, while at

high concentrations, it favours NPC adhesion (Bianchi & Mezzapelle, 2020).
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During CNS development, the CXCR4/ACKR3/CXCLI12 axis also directs neuronal migration .
CXCR4 signalling induces the survival and migration of NPCs and OPCs . In addition, CXCL12

signalling regulates neuroblast migration within the rostral migratory stream. Furthermore, CXCL12

induces the migration of HSCs CXCR4 (Dillenburg-Pilla et al., 2015).

3.7 Melatonin Receptors

Melatonin receptors are type A/9 rhodopsin-like GPCRs activated by melatonin, a natural
neurohormone produced primarily at night by the pineal gland. Melatonin helps regulate circadian
rhythms, particularly the sleep-wake cycle. Melatonin is permeable to cell membranes and crosses
the BBB to activate two types of receptors, MT1 and MT2, which are found in the brain and

preferentially activate Gau, proteins (Table 1).

Although the precise effects and mechanisms of action of melatonin receptors in the brain are still
not fully understood, they are gaining interest due to their diverse functions. These receptors are
suggested to protect the BBB and may directly or indirectly affect neuronal functions. MT2 activation
has been shown to increase neural stem cell proliferation in vitro and promote neurogenesis in vivo,
improving neuronal function in a mouse model of ischemic stroke (Chern et al., 2012). Additionally,
recent intriguing findings reveal that MT1 is localised and signals in neuronal mitochondria and may
contribute to the neuroprotective effects of melatonin by reducing ischemic brain damage in mice
(Suofu et al., 2017). In addition to their classical signalling functions, these receptors have atypical
roles independent of their signalling capacity. MT1 and MT2 interact with and retain the dopamine
transporter in its immature, non-glycosylated form within the ER, thereby regulating its availability
at the cell membrane. This, in turn, limits the reuptake of striatal dopamine in mice, and melatonin
receptor knockout (KO) mice show decreased amphetamine-induced locomotor activity (Benleulmi-

Chaachoua et al., 2018).

Drugs that target these receptors, such as Ramelteon®, are prescribed for minor conditions like jet
lag and insomnia. Agomelatine, a dual ligand agonist of melatonin receptors and an antagonist of
serotonin 5-HTac receptors, is used for depression treatment. In mice, there is evidence of heteromeric
MT2/5-HTac receptor complexes, which may also exist in humans and may contribute to the

antidepressant effects of agomelatine (Gerbier et al., 2021).

Recent advances include the determination of MT1 and MT2 structures bound to various ligands

(Stauch et al., 2019) or in complex with Gai, proteins (Wang et al., 2022). These structures are crucial
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for initiating virtual screens to identify new specific modulating ligands for these receptors (Stein et

al., 2020).

3.8 Adhesion GPCRs — Mechanosensors in Nervous Tissues

Adhesion GPCR (aGPCR)/class B2 receptors constitute the second largest GPCR family in
mammals. Several aGPCRs are expressed in nervous tissue, shaping fundamental neurobiological
processes such as synaptogenesis, axon guidance, and myelination (Liebscher et al., 2022). aGPCRs
are equipped for metabotropic mechanosensing (Lin, 2022). However, knowledge of how

mechanosensation through aGPCR affects nervous tissue development and function is scarce.

aGPCRs are bulky molecules with huge extracellular regions that contain multiple structural adhesive
folds and a characteristic GPCR autoproteolysis-inducing (GAIN) domain. The GAIN domain
harbours a cryptic tethered agonist (Stachel) relevant for receptor activation (Liebscher et al., 2014),
and mediates self-cleavage of the maturing protein giving rise to heterodimeric aGPCR consisting of
non-covalently associated N- and C-terminal fragments (NTF and CTF) (reviewed in (Hamann et al.,
2015)). Recent work has shown that NTF-CTF dissociation can be induced both ligand- and mechano-
dependently, and the resulting fragments can serve separate neural functions (Hamann et al., 2015;
Petersen et al., 2015; Scholz et al., 2023). For example, a critical step during peripheral nervous
system development is to choose which axons to myelinate (radial sorting; (Feltri et al., 2016).
ADGRG6/GPR126 is expressed in Schwann cells, and its NTF is important to keep them immature
and for radial sorting, whereas the CTF promotes axon wrapping by increasing cAMP. The latter is
initiated when ADGRG6 ‘feels’ basal lamina stiffening, i.e. its ligand Laminin-221 polymerizing
(Petersen et al., 2015). In the developing Drosophila brain, ADGRL/Latrophilin/Cirl (calcium-
independent receptor for a-latrotoxin) is expressed in the neuroblast lineage and cortex glia. Glia-
derived NTF controls the size of the neuroblast pool cell non-autonomously. Strikingly, the Toll-like
receptor Toll-8/Tollo can promote or prevent this glia-to-neuroblast signalling, depending on its
expression in cis or trans to Cirl (Scholz et al., 2023). Moreover, Cirl modulates the sensitivity of
peripheral mechanosensory to touch and sound as well as nociceptive neurons to noxious mechanical

stimuli (Scholz et al., 2015; Dannhauser et al., 2020).

Mounting evidence supports the idea that cell mechanics affect neural processes (Barnes et al., 2017).
Yet, more often than not it remains unknown how neural cells sense and transduce mechanical forces
and how this impinges on their biochemical and genetic profile. aGPCRs seems to fit that “bill’.
However, future investigations are required to understand aGPCR biology in more detail and to reveal

if and how their function intersects with mechanobiological aspects of nervous tissues.
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4 Orphan GPCRs in the Nervous System (Patho)Physiology

As extensive as GPCR research is, there are remaining GPCRs with unknown structures and functions
(Rajagopal et al., 2010; Yanamala & Klein-Seetharaman, 2010). These novel GPCRs are described
as orphan GPCRs (0GPCRs). Deorphanization of these 0GPCRs is essential because they can be great
drug targets and might help us uncover an unknown disease mechanism, we can interfere with through

drug therapies (Im, 2002).

The "deorphanization" of oGPCRs is identifying highly selective ligands for these receptors. It is one
of the essential missions in 0GPCR research because it impacts our understanding of the organism's
function (Nagata et al., 2016; Wacker et al., 2017). Deorphanization of oGPCRs has advanced in
recent years, including in silico studies to achieve cost- and time-effective research and in vitro
studies to validate a specifically selected list of compounds before continuing with in vivo studies to
uncover their potential in a disease-specific manner (Pierce et al., 2002; Tang, et al., 2012). In silico
studies include several aspects. If the structure is unknown, the amino acid sequence is needed to
model the 3D structure through various online and offline tools and available algorithms (Laschet et
al., 2018; Lin & Civelli, 2004). Once the structure is known, virtual screening for extensive compound
libraries can be performed (Morris & Lim-Wilby, 2008). Once there is a list of potential compounds,
the in silico studies follow up with molecular dynamics simulations and molecular mechanics —
generalised-born surface area analyses to investigate the receptor-ligand interaction stability
(Hollingsworth & Dror, 2018; Yoshino et al., 2019; Zhang et al., 2017). This strategy stems from
structure-based virtual screening studies (Li & Shah, 2017). Once a list of low-energy scoring
compounds can be ligand candidates, in vitro studies validate the selected candidates. In vitro, studies
generally investigate the GPCR activation and its activity through specific G protein couplings.
General methods used to analyse these include TGFa shedding and cAMP assays, colorimetric assays
(Inoue et al., 2012; Tang et al., 2012), and BRET/FRET assays utilising fluorescent dyes (Cottet et
al., 2012; Okashah et al., 2019). Then the activity showing validated compounds can be tested in vivo.
The validated compounds, described as ligand-based virtual screening, can also screen for further

active compounds (Hamza et al., 2012).

It is possible to find both the native/orthosteric ligand and allosteric compounds by following the
described research strategy, reverse pharmacology (Im, 2002). We will discuss some of the most
exciting oGPCRs in the brain, including GPR3, GPR6, GPR12, GPR17, GPR18, GPR26, GPRS55,
GPR119, GPR150, and GPR160, which play a role in brain (patho)physiology.
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4.1 GPR3, GPR6, and GPR12

GPR3, GPR6, and GPR12 comprise a cluster of class A oGPCRs that is phylogenetically related to
receptors binding sphingosine-1-phosphate (S1P), lysophosphatidic acid (LPA), cannabinoids, and
proopiomelanocortin-derived peptides (George et al., 1997). These three 0GPCRs do not only share
a high level of sequence similarity (about 60%) but also similar expression patterns across human
tissues. Peak expression levels of GPR3/6/12 are found in the CNS, but — in contrast to GPR6 and
GPR12 — GPR3 can also be detected in several peripheral tissues and cell types, including the

reproductive system and adipocytes (Human Protein Atlas; proteinatlas.org; (Uhlén et al., 2015)).

All three oGPCR are associated with the brain's complex physiological and pathological processes.
For instance, GPR3, 6, and 12 promote neurite outgrowth and neuronal cell survival (Geithe, et al.
1981; Masuda et al., 2022; Tanaka et al., 2014; Tanaka et al., 2022). GPR3 is further associated with
the early phases of cocaine reinforcement and emotional behaviour during stress, relieving
neuropathic pain (Ruiz-Medina et al., 2011; Tourino et al., 2012; Valverde et al., 2009). GPR6
expressed in striatopallidal neurons regulates instrumental conditioning (Lobo et al., 2007), and
genetic mapping in outbred mice identified GPR12 as a potent modifier of short-term memory (Hsiao

et al., 2020).

Under pathological conditions, GPR12 affects the response to antipsychotic drugs in patients with
schizophrenia (Drago & Kure Fischer, 2018; Zhao et al., 2022), while GPR3 and GPR6 play essential
roles in neurodegenerative diseases. Seminal studies in GPR3 deficient mouse models and
histological analyses of post-mortem brains of diseased patients found a strong link between GPR3
and AD. Mechanistically, GPR3 coupling to B-arrestin stimulates amyloid-f3 generation and plaque
formation through membrane-bound y-secretase (Huang et al., 2015; Nelson & Sheng, 2013; Thathiah
etal., 2013). Intriguingly, G protein-biased GPR3 mutants ameliorate AD pathology in mouse models
indicating that G protein-biased agonists of this receptor could provide new cues for developing

advanced AD drugs (Huang et al., 2022).

GPR6, in contrast, is linked to PD. GPR6 deficient PD model mice show higher basal locomotor
activity and reduced dyskinesia — presumably due to increased striatal dopamine concentrations
(Oeckl et al., 2014). These observations spurred the development of a selective GPR6 inverse agonist,
CVN424 (Brice et al., 2021; Margolin et al., 2022; Sun et al., 2021). GPR6 inverse agonists like
CVN424 normalise activity in basal ganglia circuitry and motor behaviour, and only recently,

CVN424 completed clinical trial phase II in PD patients with motor fluctuations (ClinicalTrials.gov
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Identifier: NCT04191577). This breakthrough raises hopes for developing mechanistically novel

drugs for treating motor symptoms in PD.

4.2 GPR17

The mapping of 78 0GPCRs expression throughout the mouse brain allowed the identification of 25
receptors involved in neuropsychiatric disorders (Ehrlich et al., 2018). Among these o0 GPCRs, GPR17

is attractive regarding its localization and brain function.

GPR17 is expressed in central brain regions, such as the cortical area serving as a source of inhibitory
control and decision-making over other brain areas, the nucleus accumbens (NAc) controlling
motivation and reward, the habenula involved in reward valuation and decision-making, the amygdala
associated with fear and negative emotions and the midbrain dopaminergic nuclei which are essential

for movement and reward-related behaviours (Ehrlich et al., 2018).

Oligodendrocytes express GPR17 in the brain and are a negative regulator of oligodendrocyte
transcription factor 1 (Oligl) that promotes oligodendrocyte formation, maturation, and myelination.
Thus, GPR17 could be a potential therapeutic target for CNS myelin repair (Chen et al., 2009).
Another study also reported that the inhibition of GPR17 signaling pathways in oligodendrocyte
precursor cells (OPCs) and depletion of microglia lead to oligodendrocyte maturation and robust
myelination of regenerated axons after optic nerve injury. These findings support the importance of
GPR17 in oligodendrocyte maturation and its relevance as a target in the myelination process after

CNS injury (Wang et al., 2020).

In 2006, Ciana and colleagues showed that GPR17, which is phylogenetically related to cysteinyl
leukotriene receptors and P2Y, could be activated by both cysteinyl-leukotriene and uracil nucleotide
endogenous ligands (Ciana et al., 2006). However, despite all efforts to deorphanize GPR17, this
receptor is still debated in the scientific community due to contradictory findings related to the
identity of its endogenous ligand (Benned-Jensen & Rosenkilde, 2010; Ciana et al., 2006; Harden,
2013; Qi et al., 2013). Therefore, determining the GPR17 structure is essential for understanding its
physiology and natural ligand prevision. By combining Cryo-Electron microscopy and directed
mutagenesis, it has been shown that the GPR17 receptor is auto-activated by its ECL2, which acts as
a “self-agonist” by coupling the Gi. In GPR17, ECL2 occupies and covers about 40% of the
orthosteric binding pocket and forms several interactions with hydrophilic residues suggesting the
presence of a hydrophilic environment and, consequently, the hydrophilic nature of GPR17

endogenous ligand (Ye et al., 2022). Other brain-expressed oGPCRs, such as GPR52 and GPR21,
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follow the general activation pattern by their ECL2, providing them with a high basal activity level
(Lin et al., 2023; Lin et al., 2020).

4.3 GPR26

GPR26 was first described in 2000 (Lee et al., 2000) as a type A rhodopsin-like 0 GPCR (Chung et
al., 2008). It contains 317 amino acids with conserved sequence similarity among the orthologues.
More than 95% sequence identity exists between humans and rodents, indicating high phylogenetic
conservation of protein structure and function. GPR26 overexpression demonstrates that it has
stimulatory G protein-releasing constitutive activity resulting in increased cAMP concentration in
target cells. It is predominantly expressed in brain tissues (Jones et al., 2007), e.g., amygdala,
striatum, and hypothalamus, and is related to affective disorders. GPR26 KO mice show more anxiety
& depression. Moreover, a two-bottle free-choice paradigm test demonstrated that GPR26 KO mice
showed increased alcohol intake, which might be related to addiction (Zhang et al., 2011).
Furthermore, GPR26 is involved in glioma and hepatocellular carcinoma. Both cancer types are
epigenetically downregulated (Meng et al., 2020). Lastly, since targeted inactivation of GPR26 leads
to hyperphagia (Chen et al., 2012), this supports the idea that it is involved in appetite. Studies related
to obesity, hyperglycemia, and type-2 diabetes are undergoing (Kichi et al., 2022).

4.4 GPRS0

GPR50 is an oGPCRs belonging to the melatonin receptor family with sequence homology with MT1
and MT2, with which it heterodimerises (Levoye et al., 2006). It has lost the ability to bind melatonin
during evolution (Clement et al., 2018). Some mechanisms of regulation by heterodimerization with
other receptors (Levoye et al., 2006; Wojciech et al., 2018) or involving its C-terminal domain
(Ahmad et al., 2020) have been proposed without knowing their physiological implication. It has
been almost 30 years since this GPR50 was found to be expressed in chromosome X, yet the function
of this receptor, which is found in parts of the brain (Hamouda et al., 2007) is not well known. In the
neuronal-like rat cell line Neuroscreen-1 (NS-1), its expression has been associated with increased
neurite outgrowth (Griinewald et al., 2009; Xu et al., 2022). Some sporadic studies suggest that
GPR50 is involved in regulating energy homeostasis and fasting-induced torpor (Bechtold et al.,
2012). In a small number of studies, GPR50 locus has been associated with psychiatric disorders,
including schizophrenia and bipolar disorders (Thomson et al., 2005), but these data have not
consistently been replicated. A possible association with seasonal affective disorders (Delavest et al.,
2012), autism spectrum disorders, and depression has been proposed with a sex-dependent
susceptibility.
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4.5 GPRS5S5, GPR18, and GPR119 as Endocannabinoid Receptors?

Some oGPCRs, such as GPR55, GPR18, and GPR119, which are type A rhodopsin-like 0GPCRs, are
activated by lipid molecules that can be assigned to the world of endocannabinoids known as the
endocannabinoidome including N-acyl amino acids (NAAAs) and N-acylethanolamines (NAEs)
(Cristino et al., 2020; Pacher et al., 2020). In vivo, activation of the receptors by these lipid molecules
is still pending, but in vitro, data showed activation by N-arachidonoylserine (AraS) for the Gaiz/13-
(and probably Gog-) protein-coupled GPRS55 (Pacher et al., 2020). Lysophosphatidylinositol was
reported to elevate synaptic drive in a CBD- and GPR55-dependent manner (Rosenberg et al., 2023).
The endocannabinoid 2-AG can also act through GPRS55 (Ross, 2009). For the Gai,o-coupled GPR18,
several ligands such as N-arachidonoylglycine (AraG), AraS, N-palmitoylethanolamide (PEA),
abnormal cannabidiol, 2-AG, resolvin D2, and THC have been mentioned (Pacher et al., 2020;
Schoeder et al., 2020). GPR119 has been described as a receptor for N-oleoylethanolamide (OEA),
oleoyl- and palmitoyl-lysophosphatidylcholine and is coupled to the AC-cAMP pathway (Pacher et
al., 2020). About some contradictory results, it must be considered that a given ligand may have

completely different effects in different signalling pathways due to biased signalling.

4.6 GPR160

GPR160 is a type A rhodopsin-like oGPCRs member. The orthologues of GPR160 exist in diverse
vertebrates, including mice, monkeys, cows, etc., with high sequence coverage. However, GPR160
shares at most 18% sequence identity with the members of the GPCR superfamily, complicating the
structural predictions. The highest expression occurs in the small intestine, colon, bone marrow, and
kidney on a tissue basis. Even though its function has not been fully elucidated, it’s been implicated
in apoptosis and cell cycle arrest in prostate cancer and associated with traumatic nerve injury and

pain (Yosten et al., 2020; C. Zhou et al., 2016).

Recently, Yosten et al. revealed that GPR160 is upregulated in the spinal cord upon traumatic nerve
injury. In addition, monoclonal antibodies (mAb) targeting GPR160 abolished the neuropathic pain,
while normal pain was still observed. Cocaine- and amphetamine-regulated transcript peptide
(CARTp) polypeptide may also function as a natural ligand. Supporting this, upon inhibition of
CARTp, downregulation of ERK and cAMP response element-binding protein (CREB)
phosphorylation is observed as same as in inhibition of GPR160 (Yosten et al., 2020).
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4.7 How to Deorphanize the Orphan GPCRs (Reverse Physiology,

Bioinformatics)

Deorphanization of oGPCRs is complicated due to the membrane embedded in them. In 2000, the x-
ray crystal structure of the rhodopsin receptor was found for the first time (Palczewski et al., 2020).
After 11 years, the structure of the adrenergic receptors has been discovered (Rasmussen et al., 2011).
It can be seen from here that it takes years to solve the structure of GPCRs. In recent years, the
structure of GPCRs has been studied more efficiently using bioinformatic analysis. Firstly, the
sequence of the targeted GPCR must be identified, and the homology model using similar models
must be constructed. If there are no comparable models and their similarity is less than 30%, creating
a shared model by building multiple models and superimposing them is essential. Or Ab-initio is an
in silico method used to model a protein given its sequence when there are no similar sequences or
crystal structures to use as a template (Alford et al., 2017). The next step is to generate the orthosteric
binding pocket. To verify the binding pocket, site-directed mutagenesis has to be done. Then different
libraries can be screened, and hit molecules can be verified by in vitro assays (Figure 1). To find the
native ligand, reverse physiology (Birgiil et al., 1999) can be applied. Proteins, lipids, or metabolites
can be isolated from the tissue in which the receptor is expressed. After several HPLC steps, the

purified ligand can be sequenced.

With the recently developed bioinformatics programs, starting from the sequences of these 0GPCRs,
their structures are extracted, and a homology model is created. After completing the model, the
orthosteric binding pocket is determined and conformed with site-directed mutagenesis. Afterward,
different libraries can be scanned, and hit molecules that bind to the binding pocket with low energy

can be verified. Finally, those hit molecules' activity can be measured by in vitro assays (Figure 2).

There are about 100 o0GPCRs whose endogenous ligand and physiological roles are still unknown
(Watkins & Orlandi, 2021). Considering that GPCRs are the most important drug targets, it is

essential to deorphanize all 0GPCRs.
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5 Figures and Figure Legends
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Figure 1. In silico strategy for deorphanization of 0GPCRs. The first step is to model the 3D structure
of the oGPCR through various online and offline tools and available algorithms. The second step is
to find the orthosteric binding pocket and verify it by site-directed mutagenesis. The final step is to
use molecular dynamics simulations of different in silico libraries, identify low-energy scoring

compounds, and verify those by in vitro assays.
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Figure 2. Isolation of the native ligand from tissue in which the oGPCR is expressed; the first step is

to homogenise the tissue in which the GPCR is expressed. The second step is to undergo several

fractionation steps via HPLC, and the biologically active fraction has to be verified by in vitro such

as TGF shedding assay. The final step isin vivo analysis, such as electrophysiology in

whole Xenopus oocytes.

33



6 References

Abbracchio, M. P., Burnstock, G., Verkhratsky, A., & Zimmermann, H. (2009). Purinergic signalling in
the nervous system: an overview. Trends Neurosci, 32(1), 19-29. doi:10.1016/j.tins.2008.10.001

Ahmad, R., Lahuna, O., Sidibe, A., Daulat, A., Zhang, Q., Luka, M., ... Jockers, R. (2020). GPR50-Ctail
cleavage and nuclear translocation: a new signal transduction mode for G protein-coupled receptors. Cell
Mol Life Sci, 77(24), 5189-5205. doi:10.1007/s00018-019-03440-7

Alford, R. F., Leaver-Fay, A., Jeliazkov, J. R., O'Meara, M. J., DiMaio, F. P., Park, H., ... Gray, J. J.
(2017). The Rosetta All-Atom Energy Function for Macromolecular Modeling and Design. J Chem
Theory Comput, 13(6), 3031-3048. doi:10.1021/acs.jctc.7b00125

Andersson, M., Blomstrand, F., & Hanse, E. (2007). Astrocytes play a critical role in transient
heterosynaptic depression in the rat hippocampal CA1 region. J Physiol, 585(Pt 3), 843-852.
doi:10.1113/jphysiol.2007.142737

Andrews, S. P., & Cox, R. J. (2015). Small Molecule CXCR3 Antagonists. Journal of medicinal
chemistry, 59(7), 2894-2917.

Araque, A., Parpura, V., Sanzgiri, R. P., & Haydon, P. G. (1999). Tripartite synapses: glia, the
unacknowledged partner. Trends Neurosci, 22(5), 208-215.

Bachelerie, F., Ben-Baruch, A., Burkhardt, A. M., Combadiere, C., Farber, J. M., Graham, G. I., ...
Zlotnik, A. (2014). International Union of Basic and Clinical Pharmacology. [corrected]. LXXXIX.
Update on the extended family of chemokine receptors and introducing a new nomenclature for atypical
chemokine receptors. Pharmacol Rev, 66(1), 1-79. doi:10.1124/pr.113.007724

Barnes, J. M., Przybyla, L., & Weaver, V. M. (2017). Tissue mechanics regulate brain development,
homeostasis and disease. J Cell Sci, 130(1), 71-82. doi:10.1242/jcs.191742

Basile, A. S., Fedorova, 1., Zapata, A., Liu, X., Shippenberg, T., Duttaroy, A., ... Wess, J. (2002).
Deletion of the M5 muscarinic acetylcholine receptor attenuates morphine reinforcement and withdrawal
but not morphine analgesia. Proc Natl Acad Sci U S A, 99(17), 11452-11457.
doi:10.1073/pnas.162371899

Beaulieu, J. M., & Gainetdinov, R. R. (2011). The physiology, signaling, and pharmacology of dopamine
receptors. Pharmacol Rev, 63(1), 182-217. doi:10.1124/pr.110.002642

Bechtold, D. A., Sidibe, A., Saer, B. R., Li, J., Hand, L. E., Ivanova, E. A., ... Loudon, A. S. (2012). A
role for the melatonin-related receptor GPR50 in leptin signaling, adaptive thermogenesis, and torpor.
Curr Biol, 22(1), 70-77. doi:10.1016/j.cub.2011.11.043

Bellocchio, L., Lafenetre, P., Cannich, A., Cota, D., Puente, N., Grandes, P., ... Marsicano, G. (2010).
Bimodal control of stimulated food intake by the endocannabinoid system. Nat Neurosci, 13(3), 281-
283. doi:10.1038/nn.2494

Benleulmi-Chaachoua, A., Hegron, A., Le Boulch, M., Karamitri, A., Wierzbicka, M., Wong, V., ...
Jockers, R. (2018). Melatonin receptors limit dopamine reuptake by regulating dopamine transporter
cell-surface exposure. Cell Mol Life Sci, 75(23), 4357-4370. doi:10.1007/s00018-018-2876-y

Benned-Jensen, T., & Rosenkilde, M. M. (2010). Distinct expression and ligand-binding profiles of two

constitutively active GPR17 splice variants. Br J Pharmacol, 159(5), 1092-1105. doi:10.1111/5.1476-
5381.2009.00633.x

34



Berchiche, Y. A., & Sakmar, T. P. (2016). CXC Chemokine Receptor 3 Alternative Splice Variants
Selectively Activate Different Signaling Pathways. Mol Pharmacol, 90(4), 483-495.
doi:10.1124/mol.116.105502

Bianchi ME, Mezzapelle R. The Chemokine Receptor CXCR4 in Cell Proliferation and Tissue
Regeneration. Front Immunol. 2020 Aug 28;11:2109. doi: 10.3389/fimmu.2020.02109.

Birgiil, N., Weise, C., Kreienkamp, H. J., & Richter, D. (1999). Reverse physiology in drosophila:
identification of a novel allatostatin-like neuropeptide and its cognate receptor structurally related to the
mammalian somatostatin/galanin/opioid receptor family. EMBO J, 18(21), 5892-5900.
doi:10.1093/emboj/18.21.5892

Bisogno, T., Oddi, S., Piccoli, A., Fazio, D., & Maccarrone, M. (2016). Type-2 cannabinoid receptors in
neurodegeneration. Pharmacol. Res., 111, 721-730. doi:https://doi.org/10.1016/j.phrs.2016.07.021

Black, N., Stockings, E., Campbell, G., Tran, L. T., Zagic, D., Hall, W. D., ... Degenhardt, L. (2019).
Cannabinoids for the treatment of mental disorders and symptoms of mental disorders: a systematic
review and meta-analysis. Lancet Psychiatry, 6(12), 995-1010. doi:10.1016/S2215-0366(19)30401-8

Boison, D. (2007). Adenosine as a modulator of brain activity. Drug News Perspect, 20(10), 607-611.
doi:10.1358/dnp.2007.20.10.1181353

Boutin, H., Dauphin, F., MacKenzie, E. T., & Jauzac, P. (1999). Differential time-course decreases in
nonselective, u-, 6-, and k-opioid receptors after focal cerebral ischemia in mice. Stroke, 6, 1271-1278.
doi:10.1161/01.STR.30.6.1271

Boye, K., Pujol, N., I, D. A., Chen, Y. P., Daubon, T., Lee, Y. Z., ... Billottet, C. (2017). The role of
CXCR3/LRP1 cross-talk in the invasion of primary brain tumors. Nat Commun, 8(1), 1571.
doi:10.1038/s41467-017-01686-y

Brice, N. L., Schiffer, H. H., Monenschein, H., Mulligan, V. J., Page, K., Powell, J., ... Carlton, M. B.
(2021). Development of CVN424: A Selective and Novel GPR6 Inverse Agonist Effective in Models of
Parkinson Disease. J Pharmacol Exp Ther, 377(3), 407-416. doi:10.1124/jpet.120.000438

Burguetio, J., Pujol, M., Monroy, X., Roche, D., Varela, M.J., Merlos, M., Giraldo, (2017) J. Sci Rep.
13;7(1):15389. doi: 10.1038/s41598-017-15258-z

Burnstock, G. (2006). Historical review: ATP as a neurotransmitter. Trends Pharmacol Sci, 27(3), 166-
176. doi:10.1016/j.tips.2006.01.005

Burnstock, G. (2018). Purine and purinergic receptors. Brain Neurosci Adv, 2, 2398212818817494.
doi:10.1177/2398212818817494

Calebiro, D., Koszegi, Z., Lanoiselée, Y., Miljus, T., & O'Brien, S. (2021). G protein-coupled receptor-G
protein interactions: a single-molecule perspective. Physiol Rev, 101(3), 857-906.
doi:10.1152/physrev.00021.2020

Cannon D.M., Carson R.E., Nugent A.C., Eckelman W.C., Kiesewetter D.O., Williams J., et al. (2006).
Reduced muscarinic type 2 receptor binding in subjects with bipolar disorder. Arch Gen Psychiatry 63:
741-747. doi: 10.1001/archpsyc.63.7.741

Castillo, P. E. (2012). Presynaptic LTP and LTD of excitatory and inhibitory synapses. Cold Spring Harb
Perspect Biol, 4(2)doi:10.1101/cshperspect.a005728

Celada, P., Puig, M. V., & Artigas, F. (2013). Serotonin modulation of cortical neurons and networks.
Front Integr Neurosci, 7, 25. doi:10.3389/tnint.2013.00025

35



Chen, D., Liu, X., Zhang, W., & Shi, Y. (2012). Targeted inactivation of GPR26 leads to hyperphagia
and adiposity by activating AMPK in the hypothalamus. PLoS One, 7(7), e40764.
doi:10.1371/journal.pone.0040764

Chen, X. Y., Chen, L., Yang, W., & Xie, A. M. (2021). GLP-1 Suppresses Feeding Behaviors and
Modulates Neuronal Electrophysiological Properties in Multiple Brain Regions. Front Mol Neurosci, 14,
793004. doi:10.3389/fnmol.2021.793004

Chen, Y., Wu, H., Wang, S., Koito, H., Li, J., Ye, F., ... Lu, Q. R. (2009). The oligodendrocyte-specific
G protein-coupled receptor GPR17 is a cell-intrinsic timer of myelination. Nat Neurosci, 12(11), 1398-
1406. doi:10.1038/nn.2410

Chern, C. M., Liao, J. F., Wang, Y. H., & Shen, Y. C. (2012). Melatonin ameliorates neural function by
promoting endogenous neurogenesis through the MT2 melatonin receptor in ischemic-stroke mice. Free
Radic Biol Med, 52(9), 1634-1647. doi:10.1016/j.freeradbiomed.2012.01.030

Chun, L., Zhang, W. H., & Liu, J. F. (2012). Structure and ligand recognition of class C GPCRs. Acta
Pharmacol Sin, 33(3), 312-323. do0i:10.1038/aps.2011.186

Chung, S., Funakoshi, T., & Civelli, O. (2008). Orphan GPCR research. Br J Pharmacol, 153 Suppl
1(Suppl 1), S339-346. doi:10.1038/sj.bjp.0707606

Ciana, P., Fumagalli, M., Trincavelli, M. L., Verderio, C., Rosa, P., Lecca, D., ... Abbracchio, M. P.
(2006). The orphan receptor GPR17 identified as a new dual uracil nucleotides/cysteinyl-leukotrienes
receptor. EMBO J, 25(19), 4615-4627. doi:10.1038/sj.emboj.7601341

Cleary, J., Weldon, J. T., O'Hare, E., Billington, C., & Levine, A. S. (1996). Naloxone effects on
sucrose-motivated behavior. Psychopharmacology, 126, 110-114. doi:10.1007/BF02246345

Clement, N., Renault, N., Guillaume, J. L., Cecon, E., Journé, A. S., Laurent, X., ... Jockers, R. (2018).
Importance of the second extracellular loop for melatonin MT. Br J Pharmacol, 175(16), 3281-3297.
doi:10.1111/bph.14029

Cong, Z., Liang, Y. L., Zhou, Q., Darbalaei, S., Zhao, F., Feng, W., ... Wang, M. W. (2022). Structural
perspective of class B1 GPCR signaling. Trends Pharmacol Sci, 43(4), 321-334.
doi:10.1016/j.tips.2022.01.002

Conzelmann, S., Levai, O., Bode, B., Eisel, U., Raming, K., Breer, H., & Strotmann, J. (2000). A novel
brain receptor is expressed in a distinct population of olfactory sensory neurons. Eur J Neurosci, 12(11),
3926-3934. doi:10.1046/j.1460-9568.2000.00286.x

Corkrum, M., Covelo, A., Lines, J., Bellocchio, L., Pisansky, M., Loke, K., ... Araque, A. (2020).
Dopamine-Evoked Synaptic Regulation in the Nucleus Accumbens Requires Astrocyte Activity. Neuron,
105(6), 1036-1047.1035. doi:10.1016/j.neuron.2019.12.026

Cottet, M., Faklaris, O., Maurel, D., Scholler, P., Doumazane, E., Trinquet, E., ... Durroux, T. (2012).
BRET and Time-resolved FRET strategy to study GPCR oligomerization: from cell lines toward native
tissues. Front Endocrinol (Lausanne), 3, 92. doi:10.3389/fendo.2012.00092

Cristino, L., Bisogno, T., & Di Marzo, V. (2020). Cannabinoids and the expanded endocannabinoid
system in neurological disorders. Nat Rev Neurol, 16(1), 9-29. doi:10.1038/s41582-019-0284-z

Cunha, R. A. (2016). How does adenosine control neuronal dysfunction and neurodegeneration? J
Neurochem, 139(6), 1019-1055. doi:10.1111/jnc.13724

36



D'Adamo, P., Horvat, A., Gurgone, A., Mignogna, M. L., Bianchi, V., Masetti, M., ... Zorec, R. (2021).
Inhibiting glycolysis rescues memory impairment in an intellectual disability Gdil-null mouse.
Metabolism, 116, 154463. doi:10.1016/j.metabol.2020.154463

Dannhéiuser, S., Lux, T.J., Hu, C., Selcho, M., Chen, J.T.-C., Ehmann, N., et al. (2020). Antinociceptive
modulation by the adhesion GPCR CIRL promotes mechanosensory signal discrimination. Elife 9:
e56738.

De Filippo K, Rankin SM. CXCR4, the master regulator of neutrophil trafficking in homeostasis and
disease. Eur J Clin Invest. 2018 Nov;48 Suppl 2(Suppl Suppl 2):612949.doi: 10.1111/eci.12949.

de Graaf, C., Song, G., Cao, C., Zhao, Q., Wang, M. W., Wu, B., & Stevens, R. C. (2017). Extending the
Structural View of Class B GPCRs. Trends Biochem Sci, 42(12), 946-960.
doi:10.1016/j.tibs.2017.10.003

Delavest, M., Even, C., Benjemaa, N., Poirier, M. F., Jockers, R., & Krebs, M. O. (2012). Association of
the intronic rs2072621 polymorphism of the X-linked GPR50 gene with affective disorder with seasonal
pattern. Eur Psychiatry, 27(5), 369-371. doi:10.1016/j.eurpsy.2011.02.011

del Vecchio, G., Spahn, V., & Stein, C. (2017). Novel opioid analgesics and side effects. ACS Chem.
Neurosci., 8, 1638-1640. doi:10.1021/acschemneuro.7b00195

Devinsky, O., Cross, J. H., Laux, L., Marsh, E., Miller, 1., Nabbout, R., ... Cannabidiol in Dravet
Syndrome Study, G. (2017). Trial of Cannabidiol for Drug-Resistant Seizures in the Dravet Syndrome. N
Engl J Med, 376(21), 2011-2020. doi:10.1056/NEJMoal611618

Dijkstra, I. M., Hulshof, S., van der Valk, P., Boddeke, H. W., & Biber, K. (2004). Cutting edge: activity
of human adult microglia in response to CC chemokine ligand 21. J Immunol, 172(5), 2744-2747.

Dillenburg-Pilla P, Patel V, Mikelis CM, Zarate-Bladés CR, Dogi CL, Amornphimoltham P, Wang Z,
Martin D, Leelahavanichkul K, Dorsam RT, Masedunskas A, Weigert R, Molinolo AA, Gutkind JS.
SDF-1/CXCL12 induces directional cell migration and spontaneous metastasis via a

CXCR4/Gai/mTORCI axis. FASEB J. 2015 Mar;29(3):1056-68. doi: 10.1096/1j.14-260083.

Dorsam, R. T., & Gutkind, J. S. (2007). G-protein-coupled receptors and cancer. Nature reviews cancer,
7(2), 79-94.

Drago, A., & Kure Fischer, E. (2018). A molecular pathway analysis informs the genetic risk for
arrhythmias during antipsychotic treatment. Int Clin Psychopharmacol, 33(1), 1-14.
doi:10.1097/Y1IC.0000000000000198

Dwomoh, L., Rossi, M., Scarpa, M., Khajehali, E., Molloy, C., Herzyk, P., ... Tobin, A. B. (2022). M1
muscarinic receptor activation reduces the molecular pathology and slows the progression of prion-
mediated neurodegenerative disease. Science Signaling, 15(760), eabm3720.
doi:10.1126/scisignal.abm3720

Ehrlich, A. T., Maroteaux, G., Robe, A., Venteo, L., Nasseef, M. T., van Kempen, L. C., ... Kieffer, B.
L. (2018). Expression map of 78 brain-expressed mouse orphan GPCRs provides a translational resource
for neuropsychiatric research. Commun Biol, 1, 102. doi:10.1038/s42003-018-0106-7

Estrada, J. A., & Contreras, 1. (2020). Endocannabinoid Receptors in the CNS: Potential Drug Targets
for the Prevention and Treatment of Neurologic and Psychiatric Disorders. Curr Neuropharmacol, 18(8),
769-787. doi:10.2174/1570159X18666200217140255

37



Felder, C. C. (1995). Muscarinic acetylcholine receptors: signal transduction through multiple effectors.
Faseb j, 9(8), 619-625.

Feltri, M. L., Poitelon, Y., & Previtali, S. C. (2016). How Schwann Cells Sort Axons: New Concepts.
Neuroscientist, 22(3), 252-265. doi:10.1177/1073858415572361

Ferrisi, R., Ceni, C., Bertini, S., Macchia, M., Manera, C., & Gado, F. (2021). Medicinal Chemistry
approach, pharmacology and neuroprotective benefits of CB(2)R modulators in neurodegenerative
diseases. Pharmacol. Res., 170, 105607. doi:10.1016/j.phrs.2021.105607

Fife, B. T., Paniagua, M. C., Lukacs, N. W., Kunkel, S. L., & Karpus, W. J. (2001). Selective CC
chemokine receptor expression by central nervous system-infiltrating encephalitogenic T cells during
experimental autoimmune encephalomyelitis. ] Neurosci Res, 66(4), 705-714. doi:10.1002/jnr.10037

Fink, K., Velebit, J., Vardjan, N., Zorec, R., & Kreft, M. (2021). Noradrenaline-induced 1-lactate
production requires d-glucose entry and transit through the glycogen shunt in single-cultured rat
astrocytes. Journal of Neuroscience Research, 99(4), 1084-1098. doi:https://doi.org/10.1002/jnr.24783

Geithe, H. P., Asashima, M., Asahi, K. 1., Born, J., & Tiedemann, H. (1981). A vegetalizing inducing
factor. Isolation and chemical properties. Biochim Biophys Acta, 676(3), 350-356. doi:10.1016/0304-
4165(81)90170-7

Georganta, E.M., Tsoutsi, L., Gaitanou, M., Georgoussi, Z. (2013). -opioid receptor activation leads to
neurite outgrowth and neuronal differentiation via a STAT5B-Gai/o pathway. J Neurochem,127(3), 329-
41. doi: 10.1111/jnc.12386.

George, S., Berth-Jones, J., & Graham-Brown, R. A. (1997). A possible explanation for the increased
referral of atopic dermatitis from the Asian community in Leicester. Br J Dermatol, 136(4), 494-497.

Georgoussi Z. Georganta E.M. and Milligan G. (2012). The other side of opioid receptor signaling:
regulation by protein protein interaction. Cur. Drug Targets, 13 (1) 80-102, doi.
10.2174/138945012798868470

Gerbier, R., Ndiaye-Lobry, D., Martinez de Morentin, P. B., Cecon, E., Heisler, L. K., Delagrange, P., ...
Jockers, R. (2021). Pharmacological evidence for transactivation within melatonin MT. FASEB J, 35(1),
e21161. doi:10.1096/13.202000305R

Giannos, T., Lesnik, S., Vren, U., Hodos¢ek, M., Domratcheva, T., & Bondar, A.-N. (2021). CHARMM
force-field parameters for morphine, heroin, and oliceridine, and conformational dynamics of opioid
drugs. J. Chem. Inf. Comput. Sci., 61, 3964-3977. doi:10.1021/acs.jcim.1c00667

Gillis, A., Gondin, A. B., Kliewer, A., Sanchez, J., Lim, H. D., Alamein, C., ... Canals, M. (2020). Low
intrinsic efficacy for G protein activation can explain the improved side effect profiles of new opioid
agonists. Sci Signal, 13(625)doi:10.1126/scisignal.aaz3140

Gould, R. W., Grannan, M. D., Gunter, B. W., Ball, J., Bubser, M., Bridges, T. M., ... Jones, C. K.
(2018). Cognitive enhancement and antipsychotic-like activity following repeated dosing with the
selective M4 PAM VU0467154. Neuropharmacology, 128, 492-502.
doi:10.1016/j.neuropharm.2017.07.013

Groom, J. R., & Luster, A. D. (2011). CXCR3 in T cell function. Exp Cell Res, 317(5), 620-631.
doi:10.1016/j.yexcr.2010.12.017

Groom, J. R., & Luster, A. D. (2011b). CXCR3 ligands: redundant, collaborative and antagonistic
functions. Immunology and cell biology, 89(2), 207-215.

38



Griinewald, E., Kinnell, H. L., Porteous, D. J., & Thomson, P. A. (2009). GPR50 interacts with neuronal
NOGO-A and affects neurite outgrowth. Mol Cell Neurosci, 42(4), 363-371.
doi:10.1016/j.mcn.2009.08.007

Guzman, S. J., & Gerevich, Z. (2016). P2Y Receptors in Synaptic Transmission and Plasticity:
Therapeutic Potential in Cognitive Dysfunction. Neural Plast, 2016, 1207393.
doi:10.1155/2016/1207393

Hamann, J., Aust, G., Arag, D., Engel, F. B., Formstone, C., Fredriksson, R., ... Schiéth, H. B. (2015).
International Union of Basic and Clinical Pharmacology. XCIV. Adhesion G protein-coupled receptors.
Pharmacol Rev, 67(2), 338-367. doi:10.1124/pr.114.009647

Hamilton, N. H., Banyer, J. L., Hapel, A. J., Mahalingam, S., Ramsay, A. J., Ramshaw, . A., &
Thomson, S. A. (2002). IFN-gamma regulates murine interferon-inducible T cell alpha chemokine (I-
TAC) expression in dendritic cell lines and during experimental autoimmune encephalomyelitis (EAE).
Scand J Immunol, 55(2), 171-177.

Hamouda, H. O., Chen, P., Levoye, A., Sozer-Topgular, N., Daulat, A. M., Guillaume, J. L., ... Maurice,
P. (2007). Detection of the human GPR50 orphan seven transmembrane protein by polyclonal antibodies
mapping different epitopes. J Pineal Res, 43(1), 10-15. doi:10.1111/5.1600-079X.2007.00437.x

Hamza, A., Wei, N. N, & Zhan, C. G. (2012). Ligand-based virtual screening approach using a new
scoring function. J Chem Inf Model, 52(4), 963-974. d0i:10.1021/¢i200617d

Harden, T. K. (2013). Enigmatic GPCR finds a stimulating drug. Sci Signal, 6(298), pe34.
doi:10.1126/scisignal.2004755

Hauser, A. S., Attwood, M. M., Rask-Andersen, M., Schioth, H. B., & Gloriam, D. E. (2017). Trends in
GPCR drug discovery: new agents, targets and indications. Nat Rev Drug Discov, 16(12), 829-842.
doi:10.1038/nrd.2017.178

Hertz, L., Lovatt, D., Goldman, S. A., & Nedergaard, M. (2010). Adrenoceptors in brain: cellular gene
expression and effects on astrocytic metabolism and [Ca(2+)]i. Neurochem Int, 57(4), 411-420.
doi:10.1016/j.neuint.2010.03.019

Hollingsworth, S. A., & Dror, R. O. (2018). Molecular Dynamics Simulation for All. Neuron, 99(6),
1129-1143. doi:10.1016/j.neuron.2018.08.011

Horvat, A., Muhi¢, M., Smoli¢, T., Begi¢, E., Zorec, R., Kreft, M., & Vardjan, N. (2021). Ca2+ as the
prime trigger of aerobic glycolysis in astrocytes. Cell Calcium, 95, 102368.
doi:https://doi.org/10.1016/j.ceca.2021.102368

Horvat, A., Zorec, R., & Vardjan, N. (2016). Adrenergic stimulation of single rat astrocytes results in
distinct temporal changes in intracellular Ca(2+) and cAMP-dependent PKA responses. Cell Calcium,
59(4), 156-163.

Horvat, A., Zorec, R., & Vardjan, N. (2021b). Lactate as an Astroglial Signal Augmenting Aerobic
Glycolysis and Lipid Metabolism. Front Physiol, 12, 735532. doi:10.3389/fphys.2021.735532

Hosford, P. S., Mosienko, V., Kishi, K., Jurisic, G., Seuwen, K., Kinzel, B., ... Kasparov, S. (2018).
CNS distribution, signalling properties and central effects of G-protein coupled receptor 4.
Neuropharmacology, 138, 381-392. doi:https://doi.org/10.1016/j.neuropharm.2018.06.007

Hsiao, K., Noble, C., Pitman, W., Yadav, N., Kumar, S., Keele, G. R., ... Rajasethupathy, P. (2020). A
Thalamic Orphan Receptor Drives Variability in Short-Term Memory. Cell, 183(2), 522-536.e519.
doi:10.1016/j.cell.2020.09.011

39



Hua, T., Vemuri, K., Nikas, S. P., Laprairie, R. B., Wu, Y., Qu, L., ... Liu, Z. J. (2017). Crystal
structures of agonist-bound human cannabinoid receptor CB(1). Nature, 547(7664), 468-471.
doi:10.1038/nature23272

Huang, D., Han, Y., Rani, M. R., Glabinski, A., Trebst, C., Sorensen, T., ... Ransohoff, R. M. (2000).
Chemokines and chemokine receptors in inflammation of the nervous system: manifold roles and
exquisite regulation. Immunol Rev, 177, 52-67.

Huang, Y., & Thathiah, A. (2015). Regulation of neuronal communication by G protein-coupled
receptors. FEBS Letters, 589(14), 1607-1619. doi:https://doi.org/10.1016/j.febslet.2015.05.007

Huang, Y., Rafael Guimaraes, T., Todd, N., Ferguson, C., Weiss, K. M., Stauffer, F. R., ... Thathiah, A.
(2022). G protein-biased GPR3 signaling ameliorates amyloid pathology in a preclinical Alzheimer's
disease mouse model. Proc Natl Acad Sci U S A, 119(40), €2204828119. doi:10.1073/pnas.2204828119

Huang, Y., Skwarek-Maruszewska, A., Horré, K., Vandewyer, E., Wolfs, L., Snellinx, A., ... Thathiah,
A. (2015). Loss of GPR3 reduces the amyloid plaque burden and improves memory in Alzheimer's
disease mouse models. Sci Transl Med, 7(309), 309ral164. doi:10.1126/scitranslmed.aab3492

Huynh C, Dingemanse J, Meyer Zu Schwabedissen HE, Sidharta PN. Relevance of the CXCR4/CXCR7-
CXCL12 axis and its effect in pathophysiological conditions. Pharmacol Res. 2020 Nov;161:105092.
doi: 10.1016/j.phrs.2020.105092.

Ibsen, M. S., Connor, M., & Glass, M. (2017). Cannabinoid CB. Cannabis Cannabinoid Res, 2(1), 48-60.
doi:10.1089/can.2016.0037

Im, D. S. (2002). Orphan G protein-coupled receptors and beyond. Jpn J Pharmacol, 90(2), 101-106.
doi:10.1254/jjp.90.101

Inoue, A., Ishiguro, J., Kitamura, H., Arima, N., Okutani, M., Shuto, A., ... Aoki, J. (2012). TGFa
shedding assay: an accurate and versatile method for detecting GPCR activation. Nat Methods, 9(10),
1021-1029. doi:10.1038/nmeth.2172

Jain Ruchi, Watson Uchenna, Vasudevan Lakshmi, Saini Deepak K. (2018) Chapter Three- ERK
Activation Pathways Downstream of GPCRs International Review of Cell and Molecular Biology 338,
Pages 79-109 doi.org/10.1016/bs.ircmb.2018.02.003

Jean-Charles Pierre-Yves, Kaur Suneet, Shenoy Sudha K (2017) G Protein-Coupled Receptor Signaling
Through B-Arrestin-Dependent Mechanisms Review J Cardiovasc Pharmacol 70(3):142-158. doi:
10.1097/FJC.0000000000000482.

Jennings, A., Tyurikova, O., Bard, L., Zheng, K., Semyanov, A., Henneberger, C., & Rusakov, D. A.
(2017). Dopamine elevates and lowers astroglial Ca. Glia, 65(3), 447-459. doi:10.1002/glia.23103

Jiménez-Vargas, N. N., Yu, Y., Jensen, D. D., Bok, D. D., Wisdom, M., Lattore, R., ... Vanner, S. J.
(2021). Agonist that activates the m-opioid receptor in acidified microenvironments inhibits colitis pain
without side effects. Gut, 71, 695-704. doi:10.1136/ gutjnl-2021-324070

Jones, P. G., Nawoschik, S. P., Sreekumar, K., Uveges, A. J., Tseng, E., Zhang, L., ... Pausch, M. H.
(2007). Tissue distribution and functional analyses of the constitutively active orphan G protein coupled
receptors, GPR26 and GPR78. Biochim Biophys Acta, 1770(6), 890-901.
doi:10.1016/j.bbagen.2007.01.013

Kaiser LM, Hunter ZR, Treon SP, Buske C. CXCR4 in Waldenstrom's Macroglobulinema: chances and
challenges. Leukemia. 2021 Feb;35(2):333-345

40



Karlsson, H. K., Tuominen, L., Tuulari, J. J., Hirvonen, J., Parkkola, R., Helin, S., ... Nummenmaa, L.
(2015). Obesity is associated with decreased p-opioid but unaltered dopamine D2 receptor availability in
the brain. J. Neurosci., 35, 2965-3959. do0i:10.1523/INEUROSCI1.4744-14.2015

Karoussiotis, C., Sotiriou, A., Polissidis, A., Symeonof, A., Papavranoussi-Daponte, D., Nikoletopoulou,
V., Georgoussi, Z. (2022). The k-opioid receptor-induced autophagy is implicated in stress-driven
synaptic alterations. Front Mol Neurosci 15, 1039135. doi: 10.3389/faimol.2022.1039135.

Kichi, Z. A., Natarelli, L., Sadeghian, S., Boroumand, M. A., Behmanesh, M., & Weber, C. (2022).
Orphan GPR26 Counteracts Early Phases of Hyperglycemia-Mediated Monocyte Activation and Is
Suppressed in Diabetic Patients. Biomedicines, 10(7)doi:10.3390/biomedicines10071736

King, B. M., Castellanos, F. X., Kastin, A. J., Berzas, M. C., Mauk, M. D., Olson, G. A., & Olson, R. D.
(1979). Naloxone-induced supression of food intake in normal and hypothalamic obese rats.
Pharmacology Biochemistry & Behaviour, 11, 729-732. doi:10.1016/0091-3057(79)90272-7

Kivisakk, P., Trebst, C., Liu, Z., Tucky, B. H., Sorensen, T. L., Rudick, R. A., ... Ransohoff, R. M.
(2002). T-cells in the cerebrospinal fluid express a similar repertoire of inflammatory chemokine
receptors in the absence or presence of CNS inflammation: implications for CNS trafficking. Clin Exp
Immunol, 129(3), 510-518.

Koch, M., Varela, L., Kim, J. G, Kim, J. D., Hernandez-Nuno, F., Simonds, S. E., ... Horvath, T. L.
(2015). Hypothalamic POMC neurons promote cannabinoid-induced feeding. Nature, 519(7541), 45-50.
doi:10.1038/nature 14260

Kofuji, P., & Araque, A. (2021). G-Protein-Coupled Receptors in Astrocyte-Neuron Communication.
Neuroscience, 456, 71-84. doi:10.1016/j.neuroscience.2020.03.025

Koshimizu H., Leiter L.M., & Miyakawa T. (2012). M4 muscarinic receptor knockout mice display
abnormal social behavior and decreased prepulse inhibition. Molecular Brain 5: 10. doi: 10.1186/1756-
6606-5-10

Lasagni, L., Francalanci, M., Annunziato, F., Lazzeri, E., Giannini, S., Cosmi, L., ... Romagnani, P.
(2003). An alternatively spliced variant of CXCR3 mediates the inhibition of endothelial cell growth
induced by IP-10, Mig, and [-TAC, and acts as functional receptor for platelet factor 4. J Exp Med,
197(11), 1537-1549. doi:10.1084/jem.20021897

Laschet, C., Dupuis, N., & Hanson, J. (2018). The G protein-coupled receptors deorphanization
landscape. Biochem Pharmacol, 153, 62-74. doi:10.1016/j.bcp.2018.02.016

Lastres-Becker, 1., Bizat, N., Boyer, F., Hantraye, P., Fernandez-Ruiz, J., & Brouillet, E. (2004).
Potential involvement of cannabinoid receptors in 3-nitropropionic acid toxicity in vivo. NeuroReport,
15(15)

Lauritzen, K. H., Morland, C., Puchades, M., Holm-Hansen, S., Hagelin, E. M., Lauritzen, F., ...
Bergersen, L. H. (2014). Lactate receptor sites link neurotransmission, neurovascular coupling, and brain
energy metabolism. Cerebral Cortex, 24(10), 2784-2795. doi:10.1093/cercor/bht136

Lebois E.P., Schroeder J.P., Esparza T.J., Bridges T.M., Lindsley C.W., Conn P.J., et al. (2017).
Disease-Modifying Effects of M1 Muscarinic Acetylcholine Receptor Activation in an Alzheimer’s

Disease Mouse Model. ACS chemical neuroscience 8: 1177-1187. doi:10.1021/acschemneuro.6b00278

Le Merrer, J., Becker, J. A. J., Befort, K., & Kiefer, B. L. (2009). Reward processing by the opioid
system in the brain. Physiol. Rev., 89, 1379-1412. doi:10.1152/physrev.00005.2009

41



le Roux, C. W., Fils-Aimé, N., Camachi, F., Gould, E., & Barakat, M. (2022). The relationship between
early weight loss and weight loss maintenance with naltrexone-bupropion therapy. eClinicalMedicine,
49, 1-12. doi:10.1016/j.eclinm.2022.101436

Lee, D. K., Lynch, K. R., Nguyen, T., Im, D. S., Cheng, R., Saldivia, V. R., ... Marchese, A. (2000).
Cloning and characterization of additional members of the G protein-coupled receptor family. Biochim
Biophys Acta, 1490(3), 311-323. doi:10.1016/s0167-4781(99)00241-9

Levoye, A., Dam, J., Ayoub, M. A., Guillaume, J. L., Couturier, C., Delagrange, P., & Jockers, R.
(2006). The orphan GPR50 receptor specifically inhibits MT1 melatonin receptor function through
heterodimerization. EMBO J, 25(13), 3012-3023. doi:10.1038/sj.emboj.7601193

Li, Q., & Shah, S. (2017). Structure-Based Virtual Screening. Methods Mol Biol, 1558, 111-124.
doi:10.1007/978-1-4939-6783-4 5

Li, X., Chang, H., Bouma, J., de Paus, L. V., Mukhopadhyay, P., Paloczi, J., ... Hua, T. (2023).
Structural basis of selective cannabinoid CB(2) receptor activation. Nat Commun, 14(1), 1447.
doi:10.1038/s41467-023-37112-9

Li, X., Hua, T., Vemuri, K., Ho, J. H., Wu, Y., Wu, L., ... Liu, Z. J. (2019). Crystal Structure of the
Human Cannabinoid Receptor CB2. Cell, 176(3), 459-467.e413. do0i:10.1016/j.cell.2018.12.011

Liebscher, 1., Cevheroglu, O., Hsiao, C. C., Maia, A. F., Schihada, H., Scholz, N, ... Promel, S. (2022).
A guide to adhesion GPCR research. FEBS J, 289(24), 7610-7630. doi:10.1111/febs.16258

Liebscher, 1., Schon, J., Petersen, S. C., Fischer, L., Auerbach, N., Demberg, L. M., ... Schoneberg, T.
(2014). A tethered agonist within the ectodomain activates the adhesion G protein-coupled receptors
GPR126 and GPR133. Cell Rep, 9(6), 2018-2026. doi:10.1016/j.celrep.2014.11.036

Lin, K.-F.N.T.-C.C. and W.-Y.T.H.-H. (2022). Ligands and Beyond: Mechanosensitive Adhesion
GPCRs. 1-18.

Lin, S. H., & Civelli, O. (2004). Orphan G protein-coupled receptors: targets for new therapeutic
interventions. Ann Med, 36(3), 204-214. doi:10.1080/07853890310024668

Lin, X., Chen, B., Wu, Y., Han, Y., Qi, A., Wang, J., ... Xu, F. (2023). Cryo-EM structures of orphan
GPR21 signaling complexes. Nat Commun, 14(1), 216. doi:10.1038/s41467-023-35882-w

Lin, X., Li, M., Wang, N., Wu, Y., Luo, Z., Guo, S., ... Xu, F. (2020). Structural basis of ligand
recognition and self-activation of orphan GPRS52. Nature, 579(7797), 152-157. doi:10.1038/s41586-020-
2019-0

Liu, C., Wu, J., Zhu, J., Kuei, C., Yu, J., Shelton, J., ... Lovenberg, T. W. (2009). Lactate inhibits
lipolysis in fat cells through activation of an orphan G-protein-coupled receptor, GPR81. J Biol Chem,
284(5), 2811-2822. doi:10.1074/jbc.M806409200

Lobo, M. K., Cui, Y., Ostlund, S. B., Balleine, B. W., & Yang, X. W. (2007). Genetic control of
instrumental conditioning by striatopallidal neuron-specific S1P receptor Gpr6. Nat Neurosci, 10(11),
1395-1397. doi:10.1038/nn1987

Luster, A. D., Greenberg, S. M., & Leder, P. (1995). The IP-10 chemokine binds to a specific cell
surface heparan sulfate site shared with platelet factor 4 and inhibits endothelial cell proliferation. J Exp
Med, 182(1), 219-231.

Magistretti, P. J., & Allaman, 1. (2018). Lactate in the brain: from metabolic end-product to signalling
molecule. Nat Rev Neurosci, 19(4), 235-249. doi:10.1038/nrn.2018.19

42



Margolin, D. H., Brice, N. L., Davidson, A. M., Matthews, K. L., & Carlton, M. B. L. (2022). A Phase I,
First-in-Human, Healthy Volunteer Study to Investigate the Safety, Tolerability, and Pharmacokinetics
of CVN424, a Novel G Protein-Coupled Receptor 6 Inverse Agonist for Parkinson's Disease. J
Pharmacol Exp Ther, 381(1), 33-41. doi:10.1124/jpet.121.000842

Masuda, S., Tanaka, S., Shiraki, H., Sotomaru, Y., Harada, K., Hide, 1., ... Sakai, N. (2022). GPR3
expression in retinal ganglion cells contributes to neuron survival and accelerates axonal regeneration
after optic nerve crush in mice. Neurobiol Dis, 172, 105811. doi:10.1016/j.nbd.2022.105811

Meier, I. M., Eikemo, M., & Leknes, S. (2021). The role of mu-opioids for reward and threat processing
in humans: bridging the gap from preclinical to clinical opioid drug studies. Current Addiction Reports,
8, 306-318. d0i:10.1007/s40429-021-00366-8

Meng, L., Jiang, Y. P., Zhu, J., & Li, B. (2020). MiR-188-3p/GPR26 modulation functions as a potential
regulator in manipulating glioma cell properties. Neurol Res, 42(3), 222-227.
doi:10.1080/01616412.2020.1723298

Morris, G. M., & Lim-Wilby, M. (2008). Molecular docking. Methods Mol Biol, 443, 365-382.
doi:10.1007/978-1-59745-177-2_19

Miiller, F. E., Schade, S. K., Cherkas, V., Stopper, L., Breithausen, B., Minge, D., ... Zeug, A. (2021).
Serotonin receptor 4 regulates hippocampal astrocyte morphology and function. Glia, 69(4), 872-889.
doi:10.1002/glia.23933

Murray TE, Richards CM, Robert-Gostlin VN, Bernath AK, Lindhout IA, Klegeris A. Potential
neurotoxic activity of diverse molecules released by astrocytes. Brain Res Bull. 2022 Oct 15;189:80-101.
doi: 10.1016/j.brainresbull.2022.08.015.

Nagata, K., Katayama, Y., Sato, T., Kwon, Y., & Kawabata, T. (2016). Toward the next step in G
protein-coupled receptor research: a knowledge-driven analysis for the next potential targets in drug
discovery. J Struct Funct Genomics, 17(4), 111-133. doi:10.1007/s10969-016-9212-2

Nakamoto, K., Aizawa, F., Miyagi, K., Yamashita, T., Mankura, M., Koyama, Y., ... Tokuyama, S.
(2017). Dysfunctional GPR40/FFARI1 signaling exacerbates pain behavior in mice. PLoS One, 12(7),
e0180610. doi:10.1371/journal.pone.0180610

Navarrete, M., Diez, A., & Araque, A. (2014). Astrocytes in endocannabinoid signalling. Philos Trans R
Soc Lond B Biol Sci, 369(1654), 20130599. doi:10.1098/rstb.2013.0599

Nelson, C. D., & Sheng, M. (2013). Gpr3 stimulates AP production via interactions with APP and B-
arrestin2. PLoS One, 8(9), €74680. doi:10.1371/journal.pone.0074680

O'Donnell, J., Zeppenfeld, D., McConnell, E., Pena, S., & Nedergaard, M. (2012). Norepinephrine: a
neuromodulator that boosts the function of multiple cell types to optimize CNS performance. Neurochem
Res, 37(11), 2496-2512. doi:10.1007/s11064-012-0818-x

Odoemelam, C. S., Percival, B., Wallis, H., Chang, M. W., Ahmad, Z., Scholey, D., ... Wilson, P. B.
(2020). G-Protein coupled receptors: structure and function in drug discovery. RSC Adv, 10(60), 36337-
36348. doi:10.1039/d0ra08003a

Oeckl, P., Hengerer, B., & Ferger, B. (2014). G-protein coupled receptor 6 deficiency alters striatal

dopamine and cAMP concentrations and reduces dyskinesia in a mouse model of Parkinson's disease.
Exp Neurol, 257, 1-9. doi:10.1016/j.expneurol.2014.04.010

43



Okashah, N., Wan, Q., Ghosh, S., Sandhu, M., Inoue, A., Vaidehi, N., & Lambert, N. A. (2019).
Variable G protein determinants of GPCR coupling selectivity. Proc Natl Acad Sci U S A, 116(24),
12054-12059. do0i:10.1073/pnas.1905993116

Pacher, P., Kogan, N. M., & Mechoulam, R. (2020). Beyond THC and Endocannabinoids. Annu Rev
Pharmacol Toxicol, 60, 637-659. doi:10.1146/annurev-pharmtox-010818-021441

Palczewski K, Kumasaka T, Hori T, Behnke CA, Motoshima H, Fox BA, Trong IL, Teller DC, Okada T,
Stenkamp RE, Yamamoto M, Miyano M. (2000). Crystal structure of rhodopsin: a G protein-coupled
receptor. Science, 289:739-745. Am J Ophthalmol, 130(6), 865. doi:10.1016/s0002-9394(00)00841-2

Pallaki, P., Georganta, E.M., Serafimidis, 1., Papakonstantinou, M.P., Papanikolaou, V., Koutloglou, S.,
Papadimitriou, E., Agalou, A., Tserga, A., Simeonof, A., Thomaidou, D., Gaitanou, M., Georgoussi, Z.
(2017). A novel regulatory role of RGS4 in STATSB activation, neurite outgrowth and neuronal
differentiation. Neuropharmacology. 117, 408-421. doi: 10.1016/j.neuropharm.2017.02.012.

Pasquinucci L., Parenti C., Georgoussi Z., Reina L., Tomarchio E., Turnaturi R. (2021). LP1 and LP2:
Dual-Target MOP1/DOPr Ligands as Drug Candidates for Persistent Pain Relief. Molecules, 26(14),
4168. doi: 10.3390/molecules26144168.

Pathan, H., & Williams, J. (2012). Basic opioid pharmacology: an update. British Journal of Pain, 6, 11-
16. doi:10.1177/2049463712438493

Perea, G., & Araque, A. (2007). Astrocytes potentiate transmitter release at single hippocampal
synapses. Science, 317(5841), 1083-1086. doi:10.1126/science.1144640

Perea, G., Gomez, R., Mederos, S., Covelo, A., Ballesteros, J. J., Schlosser, L., ... Araque, A. (2016).
Activity-dependent switch of GABAergic inhibition into glutamatergic excitation in astrocyte-neuron
networks. Elife, 5doi:10.7554/eLife.20362

Petersen, S. C., Luo, R., Liebscher, 1., Giera, S., Jeong, S. J., Mogha, A., ... Monk, K. R. (2015). The
adhesion GPCR GPR126 has distinct, domain-dependent functions in Schwann cell development
mediated by interaction with laminin-211. Neuron, 85(4), 755-769. doi:10.1016/j.neuron.2014.12.057

Pierce, K. L., Premont, R. T., & Lefkowitz, R. J. (2002). Seven-transmembrane receptors. Nat Rev Mol
Cell Biol, 3(9), 639-650. doi:10.1038/nrm908

Pu, Y., Li, S., Zhang, C., Bao, Z., Yang, Z., & Sun, L. (2015). High expression of CXCR3 is an
independent prognostic factor in glioblastoma patients that promotes an invasive phenotype. J
Neurooncol, 122(1), 43-51. doi:10.1007/s11060-014-1692-y

Pupo, A. S., & Minneman, K. P. (2001). Adrenergic pharmacology: focus on the central nervous system.
CNS Spectr, 6(8), 656-662. doi:10.1017/s1092852900001346

Qi, A. D., Harden, T. K., & Nicholas, R. A. (2013). Is GPR17 a P2Y/leukotriene receptor? examination
of uracil nucleotides, nucleotide sugars, and cysteinyl leukotrienes as agonists of GPR17. J Pharmacol
Exp Ther, 347(1), 38-46. doi:10.1124/jpet.113.207647

Qu, Q., Huang, W., Aydin, D., Paggi, J. M., Seven, A. B., Wang, H., ... Skiniotis, G. (2022). Insights
into distinct signaling profiles of the pOR activated by diverse agonists. Nat Chem Biol, 19(4), 423-430.
doi:10.1038/s41589-022-01208-y

Rajagopal, S., Rajagopal, K., & Letkowitz, R. J. (2010). Teaching old receptors new tricks: biasing
seven-transmembrane receptors. Nat Rev Drug Discov, 9(5), 373-386. doi:10.1038/nrd3024

44



Rappert, A., Bechmann, 1., Pivneva, T., Mahlo, J., Biber, K., Nolte, C., ... Kettenmann, H. (2004).
CXCR3-dependent microglial recruitment is essential for dendrite loss after brain lesion. J Neurosci,
24(39), 8500-8509. doi:10.1523/INEUROSCI.2451-04.2004

Rasmussen, S. G., DeVree, B. T., Zou, Y., Kruse, A. C., Chung, K. Y., Kobilka, T. S., ... Kobilka, B. K.
(2011). Crystal structure of the 2 adrenergic receptor-Gs protein complex. Nature, 477(7366), 549-555.
d0i:10.1038/nature10361

Reiner, A., & Levitz, J. (2018). Glutamatergic Signaling in the Central Nervous System: lonotropic and
Metabotropic Receptors in Concert. Neuron, 98(6), 1080-1098. doi:10.1016/j.neuron.2018.05.018

Reiner, D. J., Mietlicki-Baase, E. G., McGrath, L. E., Zimmer, D. J., Bence, K. K., Sousa, G. L., ...
Hayes, M. R. (2016). Astrocytes Regulate GLP-1 Receptor-Mediated Effects on Energy Balance. J
Neurosci, 36(12), 3531-3540. doi:10.1523/JNEUROSCI.3579-15.2016

Rosenberg, E. C., Chamberland, S., Bazelot, M., Nebet, E. R., Wang, X., McKenzie, S., ... Tsien, R. W.
(2023). Cannabidiol modulates excitatory-inhibitory ratio to counter hippocampal hyperactivity.
Neurondoi:10.1016/j.neuron.2023.01.018

Ross, R. A. (2009). The enigmatic pharmacology of GPR55. Trends Pharmacol Sci, 30(3), 156-163.
doi:10.1016/j.tips.2008.12.004

Ruiz-Medina, J., Ledent, C., & Valverde, O. (2011). GPR3 orphan receptor is involved in neuropathic
pain after peripheral nerve injury and regulates morphine-induced antinociception. Neuropharmacology,
61(1-2), 43-50. doi:10.1016/j.neuropharm.2011.02.014

Scarpa, M., Hesse, S., & Bradley, S. J. (2020). M1 muscarinic acetylcholine receptors: A therapeutic
strategy for symptomatic and disease-modifying effects in Alzheimer's disease? Adv Pharmacol, 88,
277-310. doi:10.1016/bs.apha.2019.12.003

Scarpa M., Molloy C., Jenkins L., Strellis B., Budgett R.F., Hesse S., et al. (2021). Biased M1
muscarinic receptor mutant mice show accelerated progression of prion neurodegenerative disease. Proc
Natl Acad Sci U S A 118:¢2107389118. doi: 10.1073/pnas.2107389118

Schoeder, C. T., Mahardhika, A. B., Drabczynska, A., Kiec-Kononowicz, K., & Muller, C. E. (2020).
Discovery of Tricyclic Xanthines as Agonists of the Cannabinoid-Activated Orphan G-Protein-Coupled
Receptor GPR18. ACS Med Chem Lett, 11(10), 2024-2031. doi:10.1021/acsmedchemlett.0c00208

Scholz, N., Dahse, A. K., Kemkemer, M., Bormann, A., Auger, G. M., Vieira Contreras, F., ...
Langenhan, T. (2023). Molecular sensing of mechano- and ligand-dependent adhesion GPCR
dissociation. Nature, 615(7954), 945-953. doi:10.1038/s41586-023-05802-5

Scholz, N., Gehring, J., Guan, C., Ljaschenko, D., Fischer, R., Lakshmanan, V., ... Langenhan, T.
(2015). The adhesion GPCR latrophilin/CIRL shapes mechanosensation. Cell Rep, 11(6), 866-874.
doi:10.1016/j.celrep.2015.04.008

Shekhar, A., Potter, W. Z., Lightfoot, J., Lienemann, J., Dub¢, S., Mallinckrodt, C., ... Felder, C. C.
(2008). Selective Muscarinic Receptor Agonist Xanomeline as a Novel Treatment Approach for
Schizophrenia. American Journal of Psychiatry, 165(8), 1033-1039.
doi:10.1176/appi.ajp.2008.06091591

Sheng, S., Huang, J., Ren, Y., Zhi, F., Tian, X., Weng, G., ... Xia, Y. (2018). Neuroprotection against

hypoxic/ischemic injury: §-opioid receptors and BNDF-TrkB pathway. Cellular Physiology and
Biochemiytry, 47, 302-315. doi:10.1159/000489808

45



Shimada, 1., Ueda, T., Kofuku, Y., Eddy, M. T., & Wiithrich, K. (2019). GPCR drug discovery:
integrating solution NMR data with crystal and cryo-EM structures. Nat Rev Drug Discov, 18(1), 59-82.
doi:10.1038/nrd.2018.180

Smoli¢, T., Tavéar, P., Horvat, A., Cerne, U., HaluZan Vasle, A., Tratnjek, L., ... Vardjan, N. (2021).
Astrocytes in stress accumulate lipid droplets. Glia, 69(6), 1540-1562. doi:10.1002/glia.23978Sokoloff,
L. The metabolism of the central nervous system in vivo. In J. Field, H. W. Magoun, and V. E. Hall
(eds.), Handbook of Physiology—Neurophysiology. Washington, D.C.: American Physiological Society,
1960, Vol. 3, pp. 1843-1864.

Sowa, J. E., & Tokarski, K. (2021). Cellular, synaptic, and network effects of chemokines in the central
nervous system and their implications to behavior. Pharmacol Rep, 73(6), 1595-1625.
doi:10.1007/s43440-021-00323-2

Spahn, V., del Vecchio, G., Labuz, D., Rodriguez-Gaztelumendi, A., Massaly, N., Temp, J., ... Stein, C.
(2017). A nontoxic pain killer designed by modeling of pathological receptor conformations. Science,
355, 966-969. doi:10.1126/science.aai8636

Stauch, B., Johansson, L. C., McCorvy, J. D., Patel, N., Han, G. W., Huang, X. P., ... Cherezov, V.
(2019). Structural basis of ligand recognition at the human MT. Nature, 569(7755), 284-288.
d0i:10.1038/s41586-019-1141-3

Stein, R. M., Kang, H. J., McCorvy, J. D., Glatfelter, G. C., Jones, A. J., Che, T., ... Dubocovich, M. L.
(2020). Virtual discovery of melatonin receptor ligands to modulate circadian rhythms. Nature,
579(7800), 609-614. doi:10.1038/s41586-020-2027-0

Sun, H., Monenschein, H., Schiffer, H. H., Reichard, H. A., Kikuchi, S., Hopkins, M., ... Brice, N. L.
(2021). First-Time Disclosure of CVN424, a Potent and Selective GPR6 Inverse Agonist for the
Treatment of Parkinson's Disease: Discovery, Pharmacological Validation, and Identification of a
Clinical Candidate. J] Med Chem, 64(14), 9875-9890. doi:10.1021/acs.jmedchem.0c02081

Suofu, Y., Li, W., Jean-Alphonse, F. G., Jia, J., Khattar, N. K., Li, J., ... Friedlander, R. M. (2017). Dual
role of mitochondria in producing melatonin and driving GPCR signaling to block cytochrome c release.
Proc Natl Acad Sci U S A, 114(38), E7997-E8006. doi:10.1073/pnas.1705768114

Tanaka, S., Miyagi, T., Dohi, E., Seki, T., Hide, 1., Sotomaru, Y., ... Sakai, N. (2014). Developmental
expression of GPR3 in rodent cerebellar granule neurons is associated with cell survival and protects
neurons from various apoptotic stimuli. Neurobiol Dis, 68, 215-227. doi:10.1016/j.nbd.2014.04.007

Tanaka, S., Shimada, N., Shiraki, H., Miyagi, T., Harada, K., Hide, I., & Sakai, N. (2022). GPR3
accelerates neurite outgrowth and neuronal polarity formation via PI3 kinase-mediating signaling
pathway in cultured primary neurons. Mol Cell Neurosci, 118, 103691. doi:10.1016/j.mcn.2021.103691

Tang, F., Lane, S., Korsak, A., Paton, J. F., Gourine, A. V., Kasparov, S., & Teschemacher, A. G.
(2014). Lactate-mediated glia-neuronal signalling in the mammalian brain. Nature Communications, 5,
3284. doi:10.1038/ncomms4284

Tang, X. L., Wang, Y., Li, D. L., Luo, J., & Liu, M. Y. (2012). Orphan G protein-coupled receptors
(GPCRs): biological functions and potential drug targets. Acta Pharmacol Sin, 33(3), 363-371.
doi:10.1038/aps.2011.210

Thathiah, A., Horr¢, K., Snellinx, A., Vandewyer, E., Huang, Y., Ciesielska, M., ... De Strooper, B.

(2013). B-arrestin 2 regulates AP generation and y-secretase activity in Alzheimer's disease. Nat Med,
19(1), 43-49. doi:10.1038/nm.3023

46



Thelen, M., & Stein, J. V. (2008). How chemokines invite leukocytes to dance. Nat Immunol, 9(9), 953-
959. do0i:10.1038/ni.£.207

Thiele, E. A., Bebin, E. M., Bhathal, H., Jansen, F. E., Kotulska, K., Lawson, J. A., ... Group, G. S.
(2021). Add-on Cannabidiol Treatment for Drug-Resistant Seizures in Tuberous Sclerosis Complex: A
Placebo-Controlled Randomized Clinical Trial. JAMA Neurol, 78(3), 285-292.
doi:10.1001/jamaneurol.2020.4607

Thomson, P. A., Wray, N. R., Thomson, A. M., Dunbar, D. R., Grassie, M. A., Condie, A., ... Porteous,
D. J. (2005). Sex-specific association between bipolar affective disorder in women and GPR50, an X-
linked orphan G protein-coupled receptor. Mol Psychiatry, 10(5), 470-478. doi:10.1038/sj.mp.4001593

Timper, K., Del Rio-Martin, A., Cremer, A. L., Bremser, S., Alber, J., Giavalisco, P., ... Briining, J. C.
(2020). GLP-1 Receptor Signaling in Astrocytes Regulates Fatty Acid Oxidation, Mitochondrial
Integrity, and Function. Cell Metab, 31(6), 1189-1205.e1113. doi:10.1016/j.cmet.2020.05.001

Tourino, C., Valjent, E., Ruiz-Medina, J., Herve, D., Ledent, C., & Valverde, O. (2012). The orphan
receptor GPR3 modulates the early phases of cocaine reinforcement. Br J Pharmacol, 167(4), 892-904.
doi:10.1111/5.1476-5381.2012.02043.x

Trapp, S., & Brierley, D. 1. (2022). Brain GLP-1 and the regulation of food intake: GLP-1 action in the
brain and its implications for GLP-1 receptor agonists in obesity treatment. Br J Pharmacol, 179(4), 557-
570. doi:10.1111/bph.15638

Uhlén, M., Fagerberg, L., Hallstrém, B. M., Lindskog, C., Oksvold, P., Mardinoglu, A., ... Pontén, F.
(2015). Proteomics. Tissue-based map of the human proteome. Science, 347(6220), 1260419.
doi:10.1126/science.1260419

Vaccari-Cardoso, B., Antipina, M., Teschemacher, A. G., & Kasparov, S. (2022). Lactate-Mediated
Signaling in the Brain-An Update. Brain Sci, 13(1)doi:10.3390/brainscil3010049

Valentino, R. J., & Volkow, N. D. (2018). Untangling the complexity of opioid receptor function.
Neuropsychophamacology, 43, 2514-2520. doi:10.1038/s41386-018-0225-3

Valverde, O., Célérier, E., Baranyi, M., Vanderhaeghen, P., Maldonado, R., Sperlagh, B., ... Ledent, C.
(2009). GPR3 receptor, a novel actor in the emotional-like responses. PLoS One, 4(3), e4704.
doi:10.1371/journal.pone.0004704

Van Der Meer, P., Goldberg, S. H., Fung, K. M., Sharer, L. R., Gonzalez-Scarano, F., & Lavi, E. (2001).
Expression pattern of CXCR3, CXCR4, and CCR3 chemokine receptors in the developing human brain.
J Neuropathol Exp Neurol, 60(1), 25-32.

Vardjan, N., Chowdhury, H. H., Horvat, A., Velebit, J., Malnar, M., Muhi¢, M., ... Zorec, R. (2018).
Enhancement of Astroglial Aerobic Glycolysis by Extracellular Lactate-Mediated Increase in cAMP.
Frontiers in Molecular Neuroscience, 11(148)doi:10.3389/fnmol.2018.00148

Verkhratsky, A., & Nedergaard, M. (2018). Physiology of Astroglia. Physiol Rev, 98(1), 239-389.
doi:10.1152/physrev.00042.2016

Vizurraga, A., Adhikari, R., Yeung, J., Yu, M., & Tall, G. G. (2020). Mechanisms of adhesion G
protein-coupled receptor activation. J Biol Chem, 295(41), 14065-14083.
doi:10.1074/jbc.REV120.007423

Wacker, D., Stevens, R. C., & Roth, B. L. (2017). How Ligands Illuminate GPCR Molecular
Pharmacology. Cell, 170(3), 414-427. do0i:10.1016/j.cell.2017.07.009

47



Walker, L. C., Huckstep, K. L., Chen, N. A., Hand, L. J., Lindsley, C. W., Langmead, C. J., & Lawrence,
A.J. (2021). Muscarinic M4 and M5 receptors in the ventral subiculum differentially modulate alcohol
seeking versus consumption in male alcohol-preferring rats. British Journal of Pharmacology, 178(18),
3730-3746. doi:10.1111/bph.15513

Wang, J., He, X., Meng, H., Li, Y., Dmitriev, P., Tian, F., ... He, Z. (2020). Robust Myelination of
Regenerated Axons Induced by Combined Manipulations of GPR17 and Microglia. Neuron, 108(5),
876-886 e874. doi:10.1016/j.neuron.2020.09.016

Wang, Q., Lu, Q., Guo, Q., Teng, M., Gong, Q., Li, X, ... Tao, Y. (2022). Structural basis of the ligand
binding and signaling mechanism of melatonin receptors. Nat Commun, 13(1), 454. doi:10.1038/s41467-
022-28111-3

Wang, S.Y., Duan, Y.L., Zhao, B., Wang, X.R., Zhao, Z., Zhang, G.M. (2016) Effect of delta opioid
receptor activation on spatial cognition and neurogenesis in cerebral ischemic rats. Neurosci Lett. 620,
20-26. doi: 10.1016/j.neulet.2016.03.035

Watkins R. Lyndsay R. and Orlandi Cesare (2021) In vitro profiling of orphan G protein Receptor
constitutive activity British Journal of Pharmacology 178 (15) https://doi.org/10.1111/bph.15468

Wojciech, S., Ahmad, R., Belaid-Choucair, Z., Journé, A. S., Gallet, S., Dam, J., ... Jockers, R. (2018).
The orphan GPRS50 receptor promotes constitutive TGFp receptor signaling and protects against cancer
development. Nat Commun, 9(1), 1216. doi:10.1038/s41467-018-03609-x

Woolley, M. L., Carter, H. J., Gartlon, J. E., Watson, J. M., & Dawson, L. A. (2009). Attenuation of
amphetamine-induced activity by the non-selective muscarinic receptor agonist, xanomeline, is absent in
muscarinic M4 receptor knockout mice and attenuated in muscarinic M1 receptor knockout mice. Eur J
Pharmacol, 603(1-3), 147-149. doi:10.1016/j.ejphar.2008.12.020

Wu, Y., Zeng, L., & Zhao, S. (2021). Ligands of Adrenergic Receptors: A Structural Point of View.
Biomolecules, 11(7)doi:10.3390/biom11070936

Xing, C., Zhuang, Y., Xu, T. H., Feng, Z., Zhou, X. E., Chen, M., ... Xie, X. Q. (2020a). Cryo-EM
Structure of the Human Cannabinoid Receptor CB2-G(i) Signaling Complex. Cell, 180(4), 645-654
e613. doi:10.1016/j.cell.2020.01.007

Xu, W., Dahlke, S. P., Sung, M., Samal, B., Emery, A. C., Elkahloun, A., & Eiden, L. E. (2022). ERK-
dependent induction of the immediate-early gene Egrl and the late gene Gpr50 contribute to two distinct
phases of PACAP Gs-GPCR signaling for neuritogenesis. J Neuroendocrinol, 34(9), e13182.
doi:10.1111/jne.13182

Yanamala, N., & Klein-Seetharaman, J. (2010). Allosteric Modulation of G Protein Coupled Receptors
by Cytoplasmic, Transmembrane and Extracellular Ligands. Pharmaceuticals (Basel), 3(10), 3324-3342.
doi:10.3390/ph3103324

Yarishkin, O., Lee, J., Jo, S., Hwang, E. M., & Lee, C. J. (2015). Disinhibitory Action of Astrocytic
GABA at the Perforant Path to Dentate Gyrus Granule Neuron Synapse Reverses to Inhibitory in
Alzheimer's Disease Model. Exp Neurobiol, 24(3), 211-218. doi:10.5607/en.2015.24.3.211

Ye, F., Wong, T. S., Chen, G., Zhang, Z., Zhang, B., Gan, S., ... Du, Y. (2022). Cryo-EM structure of G-
protein-coupled receptor GPR17 in complex with inhibitory G protein. MedComm (2020), 3(4), e159.
doi:10.1002/mc02.159

Ye J, Wang H, Cui L, Chu S, Chen N. The progress of chemokines and chemokine receptors in autism
spectrum disorders. Brain Res Bull. 2021 Sep;174:268-280

48



Yoshino, R., Yasuo, N., & Sekijima, M. (2019). Molecular Dynamics Simulation reveals the mechanism
by which the Influenza Cap-dependent Endonuclease acquires resistance against Baloxavir marboxil. Sci
Rep, 9(1), 17464. doi:10.1038/s41598-019-53945-1

Yosten, G. L., Harada, C. M., Haddock, C., Giancotti, L. A., Kolar, G. R., Patel, R., ... Salvemini, D.
(2020). GPR160 de-orphanization reveals critical roles in neuropathic pain in rodents. J Clin Invest,
130(5), 2587-2592. doi:10.1172/JCI133270

Zhang, L. L., Wang, J. J., Liu, Y., Lu, X. B., Kuang, Y., Wan, Y. H., ... Wang, Z. G. (2011). GPR26-
deficient mice display increased anxiety- and depression-like behaviors accompanied by reduced

phosphorylated cyclic AMP responsive element-binding protein level in central amygdala. Neuroscience,
196, 203-214. doi:10.1016/j.neuroscience.2011.08.069

Zhang, X., Perez-Sanchez, H., & Lightstone, F. C. (2017). A Comprehensive Docking and MM/GBSA
Rescoring Study of Ligand Recognition upon Binding Antithrombin. Curr Top Med Chem, 17(14),
1631-1639. doi:10.2174/1568026616666161117112604

Zhang, Y., Sun, B., Feng, D., Hu, H., Chu, M., Qu, Q., ... Skiniotis, G. (2017). Cryo-EM structure of the
activated GLP-1 receptor in complex with a G protein. Nature, 546(7657), 248-253.
doi:10.1038/nature22394

Zhao, M., Ma, J., Li, M., Zhu, W., Zhou, W., Shen, L., ... Qin, S. (2022). Different responses to
risperidone treatment in Schizophrenia: a multicenter genome-wide association and whole exome
sequencing joint study. Transl Psychiatry, 12(1), 173. doi:10.1038/s41398-022-01942-w

Zhao, Q., Hu, J., Kong, L., Jiang, S., Tian, X., Wang, J., ... Li, S. (2023). FGL2-targeting T cells exhibit
antitumor effects on glioblastoma and recruit tumor-specific brain-resident memory T cells. Nat
Commun, 14(1), 735. doi:10.1038/s41467-023-36430-2

Zhou, C., Dai, X., Chen, Y., Shen, Y., Lei, S., Xiao, T., ... Wang, M. W. (2016). G protein-coupled

receptor GPR160 is associated with apoptosis and cell cycle arrest of prostate cancer cells. Oncotarget,
7(11), 12823-12839. doi:10.18632/oncotarget.7313

49



